Palaeoecology of the South Wellesley Archipelago. A history of human occupation and environmental change by Mackenzie, Lydia Lattin
  
 
 
Palaeoecology of the South Wellesley Archipelago. A history of human 
occupation and environmental change. 
Lydia Lattin Mackenzie 
Hons., Geographical Science, The University of Queensland, 2010 
B.Sc., Ecology, The University of Queensland, 2008 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2016 
The School of Geography, Planning and Environmental Management 
ii 
 
Abstract 
A wealth of palaeoecological studies from the Australasian region identify periods of significant 
environmental change during the Holocene. However, relatively few studies have focused on the 
coastal lowlands of tropical northern Australia, limiting our ability to accurately reconstruct this 
vast bioregion’s history. This study addresses the gap in spatially distributed paleoenvironmental 
research in northern Australia by producing the first reconstructions from the South Wellesley 
Islands in the Southern Gulf of Carpentaria. Radioisotope analysis of lead (210Pb), plutonium 
(239/240Pu) and radiocarbon (14C) provide robust geochronologies. Chronologies are combined with 
loss on ignition, particle size and micro X-ray fluorescence analyses to identify site formation and 
development through time. Pollen and macroscopic and microscopic charcoal records were used to 
examine vegetation change and fire regimes throughout the late Holocene. This research shows 
coastal wetlands developed during the late Holocene in the South Wellesley Islands. Combined 
multi-proxy results indicate environmental change initially drove vegetation succession, but that 
human occupation and abandonment of the islands significantly affected vegetation composition 
and fire regimes.  
 
Radioisotope and geochemical analyses were conducted in collaboration with the Australian 
Nuclear Science and Technology Organisation. 210Pb alpha spectrometry analysis of 18 samples 
provide sedimentation rates and a chronology of the last 150 years across three key sites. This 
period is significant as traditional owners were removed in 1948, leaving the South Wellesley 
Islands unoccupied for the first time in 2,000 years. This research attempted to calibrate 210Pb 
results using the anthropogenic radioisotope plutonium by analysing 10 samples using accelerator 
mass spectrometry (AMS). Results of 239/240Pu isotope analysis found the site’s stratigraphy was 
insufficiently laminated to accurately pick peaks in fallout. However, levels of 239/240Pu indicate 
fallout occurred across far northern Australia and the technique has the potential to validate 210Pb 
results in appropriate sedimentary settings. Geochronologies combined 210Pb dates and bulk 
sediment 14C AMS dates.  
 
This research examined seven sediment profiles using micro X-ray fluorescence geochemical data 
and particle size analysis. 210Pb and 14C dates provide age-depth chronologies, identifying local and 
island-wide trends. Elemental analysis of coastal wetlands through time identified key phases of 
development including open coastal environments, mangrove establishment, hypersaline mudflat 
expansion and brackish/freshwater wetland development. An open coastal environment was present 
1,250 cal. yr BP on the southeast coast of Bentinck Island, with fluvial deposition of detrital 
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elements from the eroding lateritic bedrock. A prograding shoreline, dune development and 
tributary diversion created a series of swales parallel to the coast by 800 cal. yr BP, forming the 
extensive Marralda Wetlands. Saline mudflats developed at sites on the north and west coast at 500 
and 450 cal. yr BP, respectively. Geochemical and grain size analyses provide evidence that 
wetlands formed as accreting supratidal environments or coastal swales intercepting groundwater. 
The timing of coastal environments transitioning to saline mudflats and eventual wetland 
development indicates localised late Holocene sea-level regression, stabilisation and coastal plain 
development in the southern Gulf of Carpentaria. Elemental data identified phases of wetland 
development across Bentinck Island, highlighting the value of geochemical analysis as a proxy of 
past environments in tropical northern Australia.  
 
Palynological and charcoal analysis of four key wetlands across Bentinck Island were used to 
reconstruct vegetation succession and fire regimes in the late Holocene. This thesis conducted the 
first comprehensive floristic surveys and modern pollen profiles of the islands, supporting the 
interpretation of fossil pollen assemblages. An initial study of the Marralda Swamp wetlands found 
a protected coastal setting from 2,400-500 cal. yr BP, transitioning to a supratidal environment 
dominated by a mixed mangrove community. Mangroves declined and transitioned to freshwater 
swamp taxa only in the last 60 years. Analysis of a site 1km inland of the preliminary study found a 
diverse mangrove community was present between 1,250 and 850 cal. yr BP, with particle size 
analysis indicating a high-energy environment associated with a tributary. These results are further 
supported by the geochemical data. Palynological results suggest that mangrove species declined, 
woodland and savanna species increased and freshwater aquatic taxa increased by 800 cal. yr BP 
indicating a brackish/freshwater wetland developed. Further freshwater expansion occurred on the 
southeast coast by 400 cal. yr BP, reaching its maximum extent in the last 200 years. Palynological 
investigations from the north and west coast of Bentinck Island span the last 550 cal. yr. On the 
west coast an open savanna landscape was replaced by a mixed woodland and aquatic taxa 
significantly increased suggesting wetland expansion in the last 200 years. On the north coast the 
salt-tolerant Chenopodiaceae dominated, suggesting a hypersaline mudflat developed at 450 cal. yr 
BP. The increasing presence of Pandanus and the appearance of aquatic taxa suggest this site 
remained an ephemeral source of freshwater during the monsoon season, with the water table below 
the surface for the majority of the year.  
 
This research reconstructed vegetation and fire regimes during periods of human occupation and 
abandonment, separating anthropogenic and natural drivers of change during the Holocene. 
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Macroscopic charcoal results analysed using CharAnalysis show that interpolated charcoal 
accumulation increased between 350-200 cal. yr BP on the southeast and west coast of Bentinck 
Island. Charcoal results correlated well with archaeological evidence of population increase on 
Bentinck Island in the late Holocene. Peak charcoal and magnitude significantly increased across all 
sites after AD 1950. Results indicate that the removal of Kaiadilt people in AD 1948 interrupted 
traditional burning practices and caused the area burned and severity of fire events to increase.  
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 Introduction  
Palaeoecological studies from the Australasian region identify periods of significant environmental 
change during the Holocene. Yet relatively few studies have focused on the coastal lowlands of 
tropical northern Australia, limiting the accuracy of regional reconstructions. This thesis addresses 
the gap in spatially distributed paleoenvironmental research in the coastal lowlands of northern 
Australia by producing the first reconstructions from the South Wellesley Islands in the Southern 
Gulf of Carpentaria. This multiproxy study identifies site formation and development through the 
late Holocene by combining radioisotope, particle size and micro X-ray fluorescence analysis. 
Pollen, macroscopic and microscopic charcoal analysis records vegetation change and fire regimes. 
Palaeo-reconstructions from the South Wellesley Islands provide the environmental framework for 
ongoing archaeological work in the region (see: Memmott et al., 2016; Rosendahl et al., 2015; Ulm 
et al., 2010) by investigating wetland formation, vegetation development and fire regimes during 
the late Holocene. This chapter introduces the current literature and identifies gaps in the spatial and 
temporal resolution of palaeoenvironmental research. This is followed by defining the research 
objectives, outlining the general methodology and an overview of the thesis structure.  
 
 Background and gaps in the current state of knowledge 
The majority of palaeoecological studies from tropical northern Australia are limited to the 
Holocene, with few sites extending records of vegetation and climate change into the Pleistocene. 
These include cores from the Gulf of Carpentaria (McCulloch et al., 1989; Reeves et al., 2007; 
Torgersen et al., 1988), Lynch’s Crater (Kershaw, 1986; Kershaw et al., 2007), Lake Euramo 
(Haberle, 2005), the marine core ODP820 (Moss and Kershaw, 2000, 2007) and fluvial studies from 
the Northern Territories (Nott and Price, 1994, 1999; Nott et al., 1996). A recent synthesis of 
palaeoenvironmental studies from tropical Australasia indicate warmer conditions during the 
deglacial period as the Sunda shelf flooded (Reeves et al., 2013). Wetter conditions occurred from 
14,000 calibrated years before present (cal. yr BP) as the monsoon reactivated in northern and 
northeastern Australia (Wyrwoll and Miller, 2001) and Lake Carpentaria became a stable 
freshwater system (Reeves et al., 2013). Modern vegetation established during the early Holocene 
(12,00-8,000 cal. yr BP) as marine waters flooded the Sahul shelf, including the Carpentaria Basin 
(Chivas et al., 2001; Reeves et al., 2007; Torgersen et al., 1985), sea-surface temperatures (SST) 
warmed and the Indo-Pacific Warm Pool (IPWP) expanded (Reeves et al., 2013). Mangrove 
communities rapidly populated newly developed estuaries, tracking marine transgression in 
northern Australia (Woodroffe et al., 1985). During the mid-Holocene (8,000-4,000 cal. yr BP) a 
 2 
 
warmer and wetter phase occurred between 7,300 and 6,300 cal. yr BP as rainforest reached its 
maximum extent on the Atherton Tablelands (Haberle, 2005; Kershaw and Nix, 1988). The 
frequency and amplitude of El Niño Southern Oscillation (ENSO) events increased ~5,000 years 
ago, followed by an abrupt increase in the magnitude ~3000 years ago (Donders et al., 2007; Gagan 
et al., 2004; Moy et al., 2002). Throughout the late Holocene (4,000 cal. yr BP-present), mangroves 
declined as sea-levels fell, El Niño events intensified between 2,300 and 1,700 cal. yr BP (Gagan et 
al., 2004; McGregor et al., 2008; Moy et al., 2002; Tudhope et al., 2001; Woodroffe et al., 2003) 
and climatic variability increased in northern Australia (Moss et al., 2012; Prebble et al., 2005; 
Reeves et al., 2013; Rowe, 2007a; Shulmeister, 1992; Stephens and Head, 1995). 
Palaeoenvironmental records indicate sea-level fluctuation, climate change and geomorphic 
processes shaped the coastal lowlands of tropical northern Australia. However, due to the spatial 
distribution and temporal resolution of reconstructions, further research is needed to resolve gaps in 
the current state of knowledge. 
 
Palaeoenvironmental records from tropical northern Australia are relatively rare, due to the 
weathered landscape, seasonal rainfall and recent sea level high stand limiting site development and 
microfossil preservation (Hiscock and Kershaw, 1992; Kershaw, 1995). High resolution palaeo-
records are largely limited to the Atherton Tablelands (eg: Haberle, 2005; Kershaw, 1983; Moss et 
al., 2012; Turney et al., 2001a). Sites which do exist outside of the Atherton Tablelands often have 
incomplete Holocene records due to poor preservation. Currently available palaeoenvironmental 
records come from islands in the Torres Strait (Barham, 1999; Crouch et al., 2007; Rowe, 2007a, 
2007b) and Northern Territory (Prebble et al., 2005; Shulmeister, 1992; Shulmeister and Lees, 
1995). Inland northern Australian sites include records from the Kimberly’s (McGowan et al., 2012; 
Proske, 2016; Proske et al., 2014b), Cape York Peninsula (Luly et al., 2006; Stevenson et al., 2015) 
and sclerophyll woodlands within the Atherton Tableland (Haberle, 2005; Moss et al., 2012). 
Archaeological sites that provide paleoenvironmental records include sites on the Cape York 
Peninsula (Butler, 1998; Stephens and Head, 1995) and the Kimberley region (Head and Fullager, 
1992). Palaeoenvironmental studies that primarily document mangrove succession, sea level 
fluctuations and localised geomorphic processes are available from the Northern Territory (Clark 
and Guppy, 1988; Grindrod, 1985; Woodroffe et al., 1986 ; Woodroffe et al., 1985; Woodroffe et 
al., 1987), and the coastal lowlands and islands of northeast Queensland (Crowley et al., 1990; 
Crowley and Gagan, 1995; Crowley et al., 1994; Genever et al., 2003; Luly et al., 2006; Proske and 
Haberle, 2012). 
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The temporal resolution of palaeoenvironmental records is often limited in tropical northern 
Australia, with many sedimentary archives experiencing hiatuses during the Holocene (see: Prebble 
et al., 2005; Proske, 2016; Proske et al., 2014b; Rowe, 2015). A growing number of records across 
the region suggest freshwater sites developed and expanded as effective precipitation increased in 
the late Holocene (McGowan et al., 2012; Rowe, 2007b; Shulmeister, 1992; Stephens and Head, 
1995; Stevenson et al., 2015). Further palaeoenvironmental sites from across tropical northern 
Australia are required to test the regional extent, climatic/geomorphic drivers and timing of this 
inferred climatic change.  
 
In particular, there is a significant need to expand palaeoenvironmental research into the savanna 
landscape which spatially dominates much of tropical northern Australia. Fire significantly affects 
the vegetation composition and distribution in northern Australia, with the majority of fires being 
anthropogenic in origin (Bowman, 1998; Bowman et al., 2010; Yibarbuk et al., 2001). Indigenous 
fire regimes contribute to the current widespread distribution of savanna at the expense of forest 
vegetation in northern Australia (Bowman et al., 2010; Hoffmann et al., 2012; Murphy and 
Bowman, 2012). Currently paleo-records of fire in northern Australia are limited, with macroscopic 
charcoal studies restricted to only three sites (Haberle et al., 2010; Proske and Haberle, 2012; 
Stevenson et al., 2015). Microscopic charcoal records show that fire is present on Groote Eylandt 
(Shulmeister, 1992) and Vanderlin Island (Prebble et al., 2005) throughout the Holocene, while 
studies from the Torres Strait (Rowe, 2007a, 2007b, 2015), Kimberly region (McGowan et al., 
2012) and Cape York Peninsula (Stevenson et al., 2015) indicate that fire only increased in the late 
Holocene. Evidence of increased burning in the late Holocene likely reflects increasing human 
populations and expansion to island and inland locations (McGowan et al., 2012; Shulmeister, 
1992; Stevenson et al., 2015). Archaeological evidence suggests occupation of islands in the Gulf of 
Carpentaria and Badu in the Torres Strait occurred in the last 3,000 years as sea level stabilised, 
with intensive island use in the last 1,000 years (David et al., 2004; Memmott et al., 2016; 
Rosendahl et al., 2016; Sim and Wallis, 2008; Ulm et al., 2010). Further paleo-records 
reconstructing fire regimes at a local and regional scale are needed to understand the role of fire in 
the environment, and its role in maintaining savanna vegetation in northern Australia (Lynch et al., 
2007).  
 
Islands are often used as ‘model systems’ when exploring past ecological processes. Their relative 
isolation, simple biotic composition and recent human occupation create ideal sites to investigate 
the drivers of environmental change during the Holocene, including climate, sea level fluctuation 
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and human arrival in the landscape (eg: Prebble et al., 2005; Rowe, 2006; Shulmeister and Lees, 
1995; Sim and Wallis, 2008). This thesis presents palaeoenvironmental reconstructions of wetland 
development, vegetation succession and fire regimes during the Holocene from the South Wellesley 
Islands in the southern Gulf of Carpentaria. The site is ideally located to address a spatial gap in the 
current palaeoenvironmental records, with high resolution records aimed at resolving the timing of 
wetland development and vegetation development in the Gulf region. Continuous macroscopic 
charcoal analysis will provide the first local study of fire regimes in the Gulf region, with the 
integration of palaeoecological research and archaeological studies (Memmott et al., 2016; Ulm, 
2013) from the South Wellesley Islands exploring the complex relationship between humans and 
the environment during the Holocene.  
 
 Research Objectives 
The broad objectives of this study are:  
1) Review the palaeoenvironmental literature of tropical northern Australia, focusing on the 
Holocene period.  
2) Provide modern pollen assemblages of vegetation communities from the Gulf region of tropical 
northern Australia. 
3) Reconstruct the timing, formation and catchment processes of wetlands across Bentinck Island. 
4) Reconstruct the fire regimes and vegetation changes of the late Holocene during periods of 
human absence and presence in the landscape. 
 
 General methodology 
This thesis uses a range of proxies to reconstruct the palaeoenvironments of the South Wellesley 
Islands. Radioisotope analysis of lead (210Pb), plutonium (239/240Pu) and radiocarbon (14C) provide 
robust geochronologies. Sedimentary and micro X-ray fluorescence (µXRF) analysis identifies local 
hydrological changes, site development and wetland productivity. Results from modern surface 
pollen assemblages and vegetation surveys are used to support fossil pollen interpretations. Fossil 
pollen identifies changes in local vegetation communities during the late Holocene, with 
microcharcoal concentrations recording regional and extra-regional fire regimes. Continuous 
sampling of macrocharcoal provides a record of local fire regimes (Long et al., 1998; Whitlock and 
Millspaugh, 1996), allowing the relationships between humans, climate and fire during the 
Holocene to be investigated (Black et al., 2008). This project compares microscopic and 
macroscopic charcoal concentrations with palynological results to accurately quantify past fire 
regimes of tropical sclerophyll landscapes in northern Australia. 
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 Thesis structure 
This thesis is comprised of a series of chapters, including a literature review (Chapter 2), 
background chapters (Chapters 3-4), results chapters (Chapter 5- 8) and a final synthesis and 
summary chapter (Chapter 9). Chapter 2 reviews the current palaeoenvironmental literature from 
tropical northern Australia, focusing primarily on the Holocene. Chapter 3 introduces the physical 
settings of the South Wellesley Islands, including present environments, vegetation and climate, 
with Chapter 4 providing a regional record of the human history. Chapters 5-8 present the key 
findings of this thesis, incorporating separate methodologies and results to address the research aims 
outlined above. Chapter 5 analyses the modern pollen rain and vegetation communities in the study 
area, providing the first comprehensive floristic survey from the South Wellesley Islands, thus 
aiding the interpretation of fossil pollen records. Chapters 6 and 7 combine sedimentary and 
geochemical proxies to examine wetland development on the South Wellesley Islands during the 
Holocene. Chapter 6 focuses on the extensive wetlands on the southeast coast, comparing and 
contrasting particle size, geochemical and radioisotope results from sites within the same 
catchment. Chapter 7 combines age depth models, µXRF and particle size analysis from three sites 
across Bentinck Island identifying the timing and phases of wetland development. Chapter 8 
reconstructs the palaeoenvironments of the South Wellesley Islands using fossil pollen and charcoal 
records. In Chapter 8 the relationships between vegetation change, fire regimes and local 
archaeology are discussed, providing new insight into coastal evolution and burning practices on the 
island. Chapter 9 assesses the outcomes of the project, identifies limitations and suggests future 
research.  
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 Holocene palaeoenvironments of tropical northern 
Australia-a review 
 Introduction 
This chapter reviews the palaeoenvironmental records from the Holocene Epoch (around the last 
12,000 years) across tropical northern Australia. Chapter 2 first summarises records from the 
Atherton Tablelands, as they provide palaeoenvironmental reconstructions encompassing the late 
Pleistocene. The extensive research in the Atherton Tablelands provides an understanding of 
regional change, despite the locality’s atypical nature. Second, marine and coastal/mangrove studies 
in northern Australia are discussed as they identify regional trends in sea level change. Finally, this 
chapter synthesises studies from terrestrial environments in the seasonally dry tropical northern 
Australia region. Due to the paucity of records available, information from a range of discipline 
specific studies is collated here, with proxies including palynology, ostracods, diatoms, 
sedimentology and geomorphology. Sites discussed in this chapter are shown in Figure 2.1 and 
Table 2.1. 
 
Figure 2.1: The location of palaeoenvironmental studies discussed in text and included in Table 2.1. The tropical 
climatic zone in northern Australia is defined by the black line.   
 
Although current reviews of tropical northern Australia are extensive and detailed (eg: Hiscock and 
Kershaw, 1992; Reeves et al., 2013; Suppiah, 1992), they cover the mid and late Holocene in little 
 7 
 
detail. The scarcity of Holocene records means this dynamic period of climate change and human 
intensification is often summarized as ‘variable’. Therefore, this review focuses on a temporal and 
spatial scale yet to be extensively examined by synthesizing regional trends and identifying gaps in 
Holocene records from north Australia. Key trends examined include evidence for a climatic 
optimum occurring outside of the Atherton Tablelands during the mid-Holocene (8,000-4,000 years 
ago); the widespread transition of mangrove forests to freshwater swamps; and increasing climatic 
variability during the late Holocene (last 4,000 years). A comprehensive reconstruction of Holocene 
dynamics in tropical northern Australia is presented by considering changing climate, sea level 
oscillation and the impact of human occupation. Throughout this chapter (and thesis), the Holocene 
is divided into early (12,000-8,000 years ago), mid (8,000-4000 years ago) and late (4,000 years ago 
to present) phases. Records under review are reported as calibrated years Before Present (cal. yr 
BP) using the calibration technique cited by the original study unless otherwise stated.  
 
Table 2.1: List of sites mentioned in text, including the location, basal date and relevant publications.  
Site Name Location Basal age Publication 
Atherton Tablelands 
Lynch's Crater North East Queensland 23,0000 yrs BP (Kershaw, 1986; Kershaw et al., 
2007) 
Bromfield Swamp  North East Queensland 12,500 cal. yr 
BP 
(Kershaw, 1975) 
Lake Barrine North East Queensland 13,150 cal. yr 
BP 
(Chen, 1988; Walker, 2007; 
Walker and Owen, 1999) 
Lake Eacham North East Queensland 6,000 cal. yr BP (Goodfield, 1983) 
Lake Euramoo North East Queensland 23,000 cal. yr 
BP 
(Haberle, 2005; Kershaw, 1970) 
Quincan Crater North East Queensland 8,000 cal. yr BP (Kershaw, 1971) 
Witherspoon Swamp North East Queensland 7,900 cal. yr BP (Moss et al., 2012) 
Mangrove and marine sites 
King River Kimberley, Western 
Australia 
8,200 cal. yr BP (Proske, 2016; Thom et al., 
1975)  
Daly River Northern Territory 8,500 cal. yr BP (Chappell, 1993) 
South Alligator River Northern Territory 7,900 cal. yr BP (Grindrod, 1988; Woodroffe et 
al., 1986 ; Woodroffe et al., 
1985; Woodroffe et al., 1987) 
Mine Valley Billabong 
MV2, Jabiluka Billabong 
M8 
Magela Plains, Northern 
Territory 
6,000 yrs BP (Clark and Guppy, 1988) 
Princess Charlotte Bay Cape York Peninsula, 
Queensland 
~1,900 yrs BP (Grindrod, 1985) 
 8 
 
Marralda Wetlands South Wellesley Islands, 
Queensland 
2,400 cal BP (Moss et al., 2015) 
Missionary Bay Hinchinbrook Island, 
North East Queensland 
10,000 cal BP (Grindrod and Rhodes, 1984) 
Lake Carpentaria GC Queensland 40,000 cal BP (Torgersen et al., 1985; 
Torgersen et al., 1988) 
Lake Carpentaria MD32 Queensland 130,000 yrs BP (Chivas et al., 2001; Couapel et 
al., 2007; De Deckker, 2001; 
Reeves et al., 2008) 
ODP820 North East Queensland 250,000 yrs BP (Moss and Kershaw, 2000, 
2007) 
Coastal lowland sites 
Black Springs Kimberley, Western 
Australia 
8,000 cal BP (McGowan et al., 2012) 
Parry Lagoon  Kimberley, Western 
Australia 
7,600 cal. yr BP (Proske et al., 2014b; Stevenson 
et al., 2015) 
Green Swamp East Kimberley, Northern 
Territory 
870 cal. yr BP (Head and Fullager, 1992) 
Coornamu Swamp East Kimberley, Northern 
Territory 
2,050 cal. yr BP (Head and Fullager, 1992) 
Four Mile Billabong Groote Eyland, Northern 
Territory 
11,400 cal. yr 
BP 
(Shulmeister, 1992; Shulmeister 
and Lees, 1992) 
Lake Walala Vanderlin Island, Northern 
Territory 
9,400 yrs BP (Prebble et al., 2005) 
Marralda Wetlands South Wellesley Islands, 
Queensland 
2,400 cal. yr BP (Moss et al., 2015) 
Big Willum Swamp Weipa, Queensland 7,400 cal. yr BP (Stevenson et al., 2015) 
Isabella Swamp Cape York Peninsula, 
Queensland 
9,200 cal. yr BP (Stephens and Head, 1995) 
Garden Creek Swamp Cape York Peninsula, 
Queensland 
5,000 cal. yr BP (Stephens and Head, 1995) 
Lake Koonigirra, 
Ngarrabullgan 
Cape York Peninsula, 
Queensland 
6,400 cal. yr BP (Butler, 1998) 
Three Quarter-Mile Lake Cape York Peninsula, 
Queensland 
10,000 cal. yr 
BP 
(Luly et al., 2006) 
Watson Bay Swamp Lizard Island, Queensland 8,000 cal. yr BP (Proske and Haberle, 2012) 
Innisfail Queensland 8,000 cal. yr BP (Crowley, 1996; Crowley et al., 
1990; Crowley and Gagan, 
1995) 
Whitehaven Swamp Whitsunday Island, 
Queensland 
7,750 cal. yr BP (Genever et al., 2003) 
Zurath, Tiam Point, Boigu 
Gawat – 2, Swamp Bar-20, 
Waruid - 2 
Torres Strait Islands 7,200, 7,500, 
>3,000, >4,000 
and 7,000 cal. yr 
BP 
(Rowe, 2006, 2007a, 2007b, 
2015) 
Badu 15 Torres Strait Islands 9,000 cal. yr BP (David et al., 2004) 
Maibad Swamp Torres Strait Islands 6,500 cal. yr BP (Barham, 1999, 2000) 
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 The humid tropics of northeastern Australia 
The highly seasonal precipitation, poor organic preservation and age of the landscape restricts the 
development of suitable sites for reconstructing late Quaternary environments throughout tropical 
northern Australia (Hiscock and Kershaw, 1992). However, the abundant volcanic lakes and 
swamps on the Atherton Tablelands in northeastern Queensland have provided several 
palaeoecological studies of the late Quaternary period. While this review focuses primarily on the 
tropical lowland and coastal sites of northern Australia it is worth discussing these records as, due 
to a paucity of data elsewhere, they are often used to interpret the wider region.  
 
Two key sites from the humid tropic region that provide a continuous record of late Quaternary 
environmental change are the small volcanic crater lake, Lynch’s Crater, on the Atherton 
Tablelands (Kershaw, 1986; Kershaw et al., 2007) and the marine core ODP820 in the adjacent 
Coral Sea (Moss and Kershaw, 2000, 2007) extending 230,000 and 250,000 years respectively 
(Figure 2.2). Vegetation change recorded at both sites suggests complex rainforest dominated the 
region during the warmer and wetter interglacials, with sclerophyll woodlands and/or dry araucarian 
rainforest expanding during the cooler and drier glacial periods (Kershaw et al., 2007; Moss and 
Kershaw, 2000, 2007). A significant increase in charcoal particles during the last glacial period 
suggests fire events increased as humans arrived in the region around 45,000 yr BP (Kershaw, 
1986; Moss and Kershaw, 2000, 2007; Turney et al., 2001b). The introduction of fire allowed 
sclerophyll woodland to replace dry araucarian rainforest, disrupting the glacial-interglacial trend. 
The ODP 820 record found dry araucarian rainforest began to decline 130,000 years ago, decreasing 
further at 45,000 yr BP, with both events correlating with peaks in charcoal (Moss and Kershaw, 
2000, 2007). The peak in charcoal at the end of MIS-6 is thought to indicate drier conditions and 
high ENSO activity, with the later increase caused by human arrival and a period of increased 
ENSO variability (Kershaw et al., 2003). Sporormiella counts suggest megafaunal extinction 
occurred around 41,000 cal. yr BP at Lynch’s Crater, causing charcoal, sclerophyll vegetation, and 
grasses to increase at the expense of rainforest communities (Rule et al., 2012). A combination of 
human arrival, megafaunal extinction and climate change is likely driving the transition from fire 
sensitive dry rainforest to fire adapted sclerophyll vegetation at Lynch’s Crater during the last 
glacial period.  
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Figure 2.2 Comparison of Lynch’s Crater and the ODP 820 results, including key pollen taxa and taxa groups, charcoal 
(particles/cm3), planktonic 18O curve and marine isotope stratigraphy. From: (Kershaw and van der Kaars, 2007: 2621). 
 
Records from Lynch’s Crater and Lake Euramoo indicate dry sclerophyll woodlands dominated the 
Atherton Tablelands during the last glacial period, suggesting a cooler and drier climate (Haberle, 
2005; Kershaw, 1976; Kershaw et al., 2007; Moss and Kershaw, 2007; Turney et al., 2004). The 
Lake Euramoo record shows wet sclerophyll woodlands and marginal rainforest replaced the dry 
sclerophyll woodlands from 16,800 cal. yr BP, suggesting wetter conditions (Haberle, 2005). In 
contrast the Lynch’s Crater and ODP 820 records show dry conditions prevailing as rainforest 
slowly expanded from its Last Glacial refugia (Kershaw, 1983). 
 
 Holocene records from the Atherton Tablelands 
Palaeoenvironmental records indicate significant local changes occurred on the Atherton Tablelands 
during the Holocene. Holocene records from the region include Lake Euramoo (Haberle, 2005; 
Kershaw, 1970; Tibby and Haberle, 2007), Lake Barrine (Chen, 1988; Walker, 2007), Quincan 
Crater (Burrows et al., 2014; Kershaw, 1971), Bromfield Swamp (Burrows et al., 2014; Kershaw, 
1975), Lynch’s Crater (Kershaw, 1983) and Witherspoon Swamp (Moss et al., 2012). Palaeo-
proxies indicate swamps and lakes developed as precipitation increased across the Atherton 
Tablelands at Lake Euramoo 10,000 cal. yr BP (Haberle, 2005), Bromfield Swamp 12,500 cal. yr 
BP and Quincan Crater at 8,000 cal. yr BP (Hiscock and Kershaw, 1992; Kershaw, 1971) (Figure 
2.3). Note that radiocarbon dates from Bromfield Swamp and Quincan Crater are calibrated here 
using the ShCal13 curve (Hogg et al., 2013). 
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Figure 2.3: A summary of pollen data from the Atherton Tablelands sites, including uncalibrated radiocarbon dates and 
common zones discussed in Genever et al. (2003); Hiscock and Kershaw (1992).  
 
Sclerophyll vegetation increased with precipitation in the early Holocene, with charcoal records 
from Lake Barrine and Lynch’s Crater suggesting fires became more intense, inhibiting rainforest 
expansion (Hiscock and Kershaw, 1992). The Lake Barrine record shows sclerophyll species were 
locally dominant from 13,200 cal. yr BP until 7,450 cal. yr BP when rainforest expansion occurred, 
reaching its maximum extent 750 years later (Walker, 2007). Lake Euramoo and Quincan Crater 
records indicate that warm temperate rainforest was established on the Atherton Tablelands between 
8,600-5,000 cal. yr BP, peaking ~6,000 cal. yr BP before transitioning to dry subtropical rainforest 
after 5,000 cal. yr BP (Haberle, 2005; Kershaw, 1970, 1971). Witherspoon Swamp in the 
southwestern part of the Atherton Tablelands is situated in dry sclerophyll, with rainforest 
communities established 5-10kms from the site (Moss et al., 2012). The palynological results 
indicate sclerophyll taxa dominated the site for the last 7,800 cal. yr BP, suggesting once rainforest 
reached its maximum extent ~7,300 cal. yr BP there was little change in rainforest-sclerophyll 
boundaries (Moss et al., 2012). Palaeoenvironmental reconstructions across the broader Atherton 
Tablelands suggest rainforest had replaced sclerophyll by ~6,000 cal. yr BP with warmer than 
present temperatures and increased dry season precipitation (Kershaw and Nix, 1988). 
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Increased rainfall caused the development of rainforest during the mid-Holocene due to the reduced 
continentality and increased moisture convection over the Torres Strait as the ITCZ moved further 
south during the summer months (Haberle, 2005). The diatom assemblage at Lake Euramoo was 
dominated by Aulacoseira ambigua, a freshwater planktonic species, from 8,700 cal. yr. BP into the 
mid-Holocene indicating an increase in effective precipitation and lake levels (Haberle, 2005; Tibby 
and Haberle, 2007). Warmer temperatures during the wet season and higher precipitation during the 
dry season accompanied the peak in rainforest taxa, with minimal charcoal in the pollen records 
identifying a low burning potential across the Atherton Tablelands (Haberle, 2005; Kershaw and 
Nix, 1988).  
 
Palaeoenvironmental records of the late Holocene show a number of changes occurred on the 
Atherton Tablelands. A recent study from Bromfield Swamp identifies a period of climatic 
variability (Burrows et al., 2014). Results of peat humification analysis indicate wet phases 
occurred roughly every 240 years, with a dry event at 4,000 cal. yr BP at Bromfield Swamp and 
Quincan Crater (Burrows et al., 2014). In the last 3,000 yr BP, sclerophyll pollen increased 
throughout the region (Figure 2.3), and swamps developed, suggesting drier conditions (Hiscock 
and Kershaw, 1992). Increased climate variability between 2,500-1,700 cal. yr BP was driven by 
increasing ENSO activity and a weakened monsoon (Moss et al., 2012; Reeves et al., 2013; 
Shulmeister and Lees, 1995), with ‘warm temperate’ rainforest transitioning to ‘subtropical’ 
rainforest in the last 4,000 cal. yr BP (Kershaw, 1971).  
 
Palaeoenvironmental records from the Atherton Tablelands identify local trends, including a 
warmer and wetter ‘climatic optimum’ between 7,300 and 6,300 cal. yr BP and increased variability 
in the late Holocene (Haberle, 2005; Kershaw and Nix, 1988; Moss et al., 2012). However, the 
Atherton Tablelands receive substantial orographic rainfall which does not occur in lowland 
regions. Records from the coastal lowlands of tropical northern Australia are needed to test if the 
trends identified in the climatically atypical rainforest and rainforest fringe of the Atherton 
Tablelands are local or applicable to the wider region.  
 
 Holocene sea-level fluctuation 
Sea-level fluctuation during the late Quaternary has profoundly affected the coastal environments of 
northern Australia. This section reviews studies of sea-level fluctuation around the coastal margins 
of northern Australia, with proxies including corals, pollen, ostracods, sedimentary facies and 
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cheniers. Sea levels were 120m below present during the Last Glacial Maximum, with an estimated 
25% increase in the continental land mass (Yokoyama et al., 2001). Sea levels rose rapidly after 
19,000 cal. yr BP with the bulk of northern hemisphere ice melt ceasing between 6,000-4,000 cal. 
yr BP, ending the early Holocene rise (Hanebuth et al., 2000; Yokoyama et al., 2001). An 
understanding of localized sea-level fluctuation and coastal formation is needed to accurately 
reconstruct the drivers of change in coastal palaeoenvironmental records. 
 
The Gulf of Carpentaria is currently a shallow epicontinental sea between Papua New Guinea and 
Australia which fluctuated between an open ocean, freshwater lake and exposed plain during the 
last glacial cycle (Figure 2.4) (Chivas et al., 2001; Reeves et al., 2007; Torgersen et al., 1985). Early 
work identified ‘Lake Carpentaria’ (Torgersen et al., 1983; Torgersen et al., 1985; Torgersen et al., 
1988), and examined the lacustrine waters, sediments, timing and height of sea level in breaching 
the Arafura and Torres Strait Sills (Chivas et al., 1993; Chivas et al., 1985; Chivas et al., 1986a, 
1986b; De Deckker et al., 1988; De Deckker et al., 1991; McCulloch et al., 1989; Norman and De 
Deckker, 1990). The late Pleistocene Lake Carpentaria was surrounded by herbaceous wetlands and 
savanna (McCulloch et al., 1989; Torgersen et al., 1988). Ostracod records show the lake was a 
permanent feature between 40,000-10,800 cal. yr BP, with a freshwater phase beginning around 
16,000 cal. yr BP (Reeves et al., 2007). The intensification of the Australian Summer Monsoon 
14,000 years ago caused the lake to temporarily expand before rising sea levels breached the 
Arafura Sill (12,000 cal. yr BP) and Torres Strait Sill (8,000 cal. yr BP) (Figure 2.4) (Reeves et al., 
2007). McCulloch et al. (1989) found strontium isotopic ratios from ostracods identical to modern 
seawater in the Gulf between ~8,000 and 7,000 years ago. The flooding of northern Australia’s 
continental shelf caused mangrove forests and freshwater wetlands to develop in the Holocene, with 
variable high stands controlled by interactions between the sea level and continental shelf.  
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Figure 2.4: Bathymetry of the Gulf of Carpentaria (Grim and Edgar, 1998) with coring locations (MD- and GC-). The -
53m contour denotes the maximum extent of Lake Carpentaria (Chivas et al., 2001: 20).  
 
Sea levels around northern Australia are characterized by an early-Holocene rise, mid-Holocene 
high stand and late Holocene decline to modern levels. Despite the relative tectonic stability of the 
region, hydro-isostatic flexing of northern Australia’s wide continental shelf is thought to have 
caused the variable timing and magnitude of the Holocene high stand (Chappell et al., 1982; 
Lambeck, 2002; Lewis et al., 2013; Woodroffe, 1993). In the Joseph Bonaparte Gulf, Northern 
Territory, sea levels reached modern heights between 4,700 to 6,000 cal. yr BP (Clarke and Ringis, 
2000; Lewis et al., 2013; Proske et al., 2014b; Yokoyama et al., 2000) followed by a +1-2m 
highstand (Jennings, 1975; Lees, 1992; Lessa and Masselink, 2006). Records from Van Diemen’s 
Gulf (South Alligator River), Northern Territory, indicated sea level reached modern heights by 
7,500 yr BP with mangrove sediments suggesting no high stand occurred at this site (Woodroffe et 
 15 
 
al., 1985; Woodroffe et al., 1987). However, in the Gulf of Carpentaria supratidal chenier ridges at 
Karumba suggest a sea level highstand reaching +2.5m above present mean sea level (pmsl) at 
6,400 cal. yr BP, before falling to modern levels by 1,000 cal. yr BP (Chappell et al., 1982; Lewis et 
al., 2013; Rhodes, 1982; Rhodes et al., 1980). While the accuracy of chenier deposits to record past 
sea levels is questioned, emergence throughout the Gulf of Carpentaria is supported by deltaic 
studies of the McArthur and Gilbert Rivers (Jones et al., 2003; Nott, 1996; Woodroffe and 
Chappell, 1993).  
 
Reefs in the Torres Strait grew rapidly during the mid-Holocene highstand, with microatolls 
indicating sea levels around +1m between 5,900 and 2,740 years BP (Woodroffe et al., 2000). The 
Great Barrier Reef on the northeast coast is a tectonically stable area, and the focus of many sea-
level studies (Chappell, 1983; Lambeck and Nakada, 1990; Nakada and Lambeck, 1989; Woodroffe 
et al., 2005). Studies indicate sea level reached modern height by 7,000 cal. yr BP on the Great 
Barrier Reef, with a mid-Holocene highstand of ~1.6m (although >2m has been suggested for some 
sites) until 2,200 cal. yr BP (Hopley et al., 2007; Lewis et al., 2013; Lewis et al., 2008; Perry and 
Smithers, 2011; Yu and Zhao, 2009). A highstand of +2.8m above pmsl at 5,000 cal. yr BP was 
proposed for the Cleveland Bay, north Queensland region, remaining +1.5m above pmsl until 2,300 
cal. yr BP, before falling in the last 1,000 years (Woodroffe, 2009). Several studies from northern 
Queensland suggest sea levels reached no higher than +1.7m before falling to present levels after 
2,000 cal. yr BP (Baker and Haworth, 2000; Chappell, 1983; Larcombe and Carter, 1998; Larcombe 
et al., 1995; Lewis et al., 2008; Woodroffe, 2009). Studies from the outer Great Barrier Reef do not 
record emergence during the Holocene, suggesting hydro-isostatic flexure of the shelf (Chappell et 
al., 1982; Hopley, 1994; Lewis et al., 2013).  
 
Despite ambiguities in the maximum height reached in the early Holocene, the duration of the mid-
Holocene high stand and the timing of late-Holocene sea-level fall, fluctuating sea levels had a 
significant impact on northern Australia’s coastal vegetation communities. Flooded coastal areas 
provided extensive habitat for mangrove forests to colonise during the highstand throughout 
northern Australia. The ‘big swamp’ phase identified by Woodroffe et al. (1985) is evident across 
several northern and northeastern coastal Australian sites. 
 
 Holocene mangrove development  
The early-Holocene sea-level rise and the mid-Holocene highstand inundated intertidal and subtidal 
regions of the Sahul Shelf, allowing mangrove forests to expand throughout northern Australia, 
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creating a ‘big mangrove swamp’ phase as sediment infill tracked marine transgression (Crowley, 
1996; Woodroffe, 1993; Woodroffe et al., 1986 ; Woodroffe et al., 1985; Woodroffe et al., 1987). 
Early palaeoenvironmental studies from the South Alligator River (Woodroffe, 1993; Woodroffe et 
al., 1986 ; Woodroffe et al., 1987) and Magela Floodplains (Clark and Guppy, 1988) in the 
Northern Territory found extensive mangrove swamps developed as sea levels rose. Salt-tolerant 
Rhizophora/Ceriops mangrove forests dominated the regional vegetation between 6,800 and 5,300 
yr BP indicating regular tidal inundation of the South Alligator River (Woodroffe, 1993; Woodroffe 
et al., 1986 ; Woodroffe et al., 1987), and persisted until 3,000 yrs BP on the Magela Floodplains 
(Clark and Guppy, 1988). Rhizophora/Ceriops communities transitioned to Avicennia marina 
forests as sediment infill built up the area above the upper tidal limit in the late Holocene, creating a 
supratidal environment with freshwater availability (Woodroffe et al., 1986 ; Woodroffe et al., 
1987). A freshwater or ‘sinuous/cuspate’ phase replaced mangroves with communities dominated 
by Poaceae and Cyperaceae, and low levels of mangrove pollen present by 4,000 yr BP (Woodroffe, 
1993; Woodroffe et al., 1986 ; Woodroffe et al., 1987). In the Magela Floodplains freshwater 
wetlands also developed in the past 1,300 years (Clark and Guppy, 1988). Evidence of the ‘big 
swamp’ mangrove phase identified in the Alligator Rivers Region is found throughout sediment 
archives from northern and northeastern Australia.  
 
The earliest records of the ‘big swamp’ phase come from the north Australian continental shelf and 
the Kimberley region (Table 2.2). Marine cores from the continental shelf of northeastern 
Queensland suggest mangroves flourished during the marine transgression 14,000 years ago 
(Grindrod et al., 1999; Grindrod et al., 2002; Moss and Kershaw, 2000). Mangrove distribution 
peaked around 9,000 years ago, indicating the relatively flat continental shelf was inundated and 
protected by the redevelopment of the outer Great Barrier Reef (Grindrod et al., 1999; Grindrod et 
al., 2002). A recent study from King River in the Kimberley region found Rhizophora forests were 
established prior to 9,000 cal. yr BP (Proske et al., 2014b). A change in species composition to back 
mangrove taxa (including Excoecaria spp. and Batis spp.) occurred at 7,400 cal. yr BP, with the 
modern day mangrove distribution reached by 6,500 cal. yr BP (Proske et al., 2014b). A freshwater 
swamp developed nearby at Parry’s Lagoon in the last 1,000 years (Proske, 2016), while 
hypersaline tidal flats expanded in the last 1,900 cal yrs BP at King River, causing freshwater 
features to contract (Proske et al., 2014b). Site development in the eastern Kimberley coastal region 
are comparable to the ‘sinuous/cuspate’ phase, where mangroves were replaced by saline mudflats 
or freshwater floodplains in the late Holocene (Clark and Guppy, 1988; Proske, 2016; Woodroffe, 
1993, 2000; Woodroffe and Grindrod, 1991). 
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Table 2.2: Sites which record a mangrove ‘big swamp’ phase in northern Australia. Original dates are recalibrated using 
ShCal04 (McCormac et al., 2004; Proske et al., 2014b), except for the ODP 820 upper limit which uses IntCal13 
(Reimer et al., 2013). The table is adapted from Proske et al. (2014b: 172).  
Location Site Age range (k cal. yr 
BP) 
Reference 
Western 
Australia 
King River >9-6.5 (Proske et al., 2014b) 
King River, Parry Creek 7.8-6.4 (Thom et al., 1975) 
Northern 
Territory 
Daly River 8.5-5.4 (Chappell, 1993) 
South Alligator River 7.9-5.7 (Woodroffe et al., 1985) 
Queensland 
ODP-820 18-8.1 (Moss and Kershaw, 2000) 
Mulgrave River 8.1-6.6 (Crowley et al., 1990) 
Mutchero inlet 8.2-2.4 (Crowley and Gagan, 1995) 
Missionary Bay 10.3-6.9 (Grindrod and Rhodes, 1984) *only dated 
transgressive phase 
 
Mangrove sediments deposited during the mid-Holocene highstand are recorded across the Torres 
Strait Islands (Barham, 1999, 2000; Rowe, 2006, 2007a, 2007b) and Lizard Island on the Great 
Barrier Reef (Proske and Haberle, 2012). Mangrove succession in northeastern Australia is also 
found at Three-Quarter Mile Lake (Luly et al., 2006), Princess Charlotte Bay (Grindrod, 1985) and 
further south at Mulgrave/Russel River estuary and Wyvuri Swamp (Crowley, 1996; Crowley et al., 
1990; Crowley and Gagan, 1995; Crowley et al., 1994). Mangrove communities across the Torres 
Strait Islands expanded between 7,000 and 6,000 yr BP, displacing non-mangrove vegetation 
between 6,000 and 3,000 yr BP on Mua, Badu, Zurath (Rowe, 2006, 2007a, 2007b) and Saibai 
Island (Barham, 1999, 2000). Mangrove expansion reflects higher-than-present sea levels and 
marine transgressive incursion of coastal lowlands (Woodroffe, 1993; Woodroffe et al., 1986 ; 
Woodroffe et al., 1987). A combination of rapid sediment accumulation and sea-level fall raised the 
lowlands above tidal inundation. By 4,000 to 3,000 yr BP, the dominant Rhizophora began to 
decline, replaced by Ceriops-type mangroves common to upper-intertidal zones (Rowe, 2007a, 
2007b).  
 
Sites from the Innisfail coastline (Mulgrave, Russell and Wyvuri) record Rhizophora between 7,000 
and 5,900 yr BP (Crowley, 1996; Crowley et al., 1990; Crowley and Gagan, 1995; Crowley et al., 
1994). Rhizophora also peaks between 7,500-5,000 yr BP in the regional record from Three-Quarter 
Mile Swamp, Cape York Peninsula (Luly et al., 2006). Riverine mangroves colonized the Mulgrave 
River as early as 7,400 yr BP in response to marine transgression (Crowley and Gagan, 1995). As in 
the Torres Strait and the Northern Territories, Ceriops/Bruguiera forests replaced Rhizophora by 
the late Holocene (Crowley and Gagan, 1995). Local geomorphic processes then either encouraged 
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or restricted the development of freshwater swamp/forest vegetation on the Innisfail coastline 
(Crowley, 1996; Crowley et al., 1990; Crowley and Gagan, 1995; Crowley et al., 1994). 
 
Lizard Island on the Great Barrier Reef provides an 8,000-year-long record of vegetation change 
(Proske and Haberle, 2012). Freshwater habitats dominated the area prior to Rhizophora 
colonisation, as seen at Three-Quarter Mile Lake on the Cape York Peninsula (Luly et al., 2006). A 
storm event at 6,000 cal. yr BP allowed Sonneratia species to colonise the area and dominate the 
pollen assemblage briefly before Rhizophora re-established (Proske and Haberle, 2012). The 
localised event caused significant changes to the vegetation composition and successional pattern 
on Lizard Island, and may explain variability in mangrove development across tropical northern 
Australia.  
 
Mangrove expansion, succession and transition to freshwater wetland vegetation in the late 
Holocene characterises coastal sites in northern and northeastern Australian (Crowley, 1996; 
Grindrod et al., 1999; Grindrod et al., 2002; Proske, 2016; Proske et al., 2014b; Woodroffe et al., 
1986 ; Woodroffe et al., 1985). Studies have suggested that the ‘big swamp’ phase was enhanced by 
a regional mid-Holocene precipitation maximum, as found in the Atherton Tableland sites 
(Grindrod et al., 2002; Jennings, 1975). However, mangrove assemblages dominate the pollen 
spectra at coastal sites, often obscuring the terrestrial vegetation and a regional climate record. 
Mangrove development and succession across northern Australia are more likely responding to sea-
level oscillations, sediment infilling and coastal progradation than regional climate.  
2.5.1 Coastal Lowlands 
Palaeoenvironmental sites from the coastal lowland of tropical northern Australia are limited by the 
lack of suitable catchments, seasonal precipitation and poor organic preservation. The publication of 
several recent studies allows a tentative regional reconstruction of the Holocene. Coastal lowland 
sites provide valuable records of regional climate, compared to sites dominated by mangrove 
communities which primarily record sea-level fluctuation and the Atherton Tableland region with 
its humid and atypical local climate. Coastal lowland sites are available from the Kimberly region in 
Western Australia (Head and Fullager, 1992; McGowan et al., 2012; Proske, 2016; Proske et al., 
2014b; Stephens and Head, 1995) and the Cape York Peninsula in Queensland (Butler, 1998; Luly 
et al., 2006; Stephens and Head, 1995; Stevenson et al., 2015). Palaeoenvironmental records are 
also available from islands in the Gulf of Carpentaria (Moss et al., 2015; Prebble et al., 2005; 
Shulmeister, 1992; Shulmeister and Lees, 1992; Shulmeister and Lees, 1995), on the northeast coast 
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of Queensland (Genever et al., 2003; Proske and Haberle, 2012) and the Torres Strait Islands 
(Barham, 1999, 2000; Rowe, 2006, 2007a, 2007b, 2012) .  
2.5.2 Early Holocene 
Ephemeral swamps developed during the early Holocene at several sites in tropical northern 
Australia. Deposition of organic material overlying sandy substrates occurred around 9,500 yr BP at 
Three-Quarter Mile Lake (Luly et al., 2006), 9,000 yrs BP on Groote Eylandt (Shulmeister, 1992) 
and at 8,500 yr BP on Vanderlin Island (Prebble et al., 2005). Vegetation records show water levels 
initially fluctuated, with high levels of Poaceae and open woodland taxa suggesting dry conditions 
(Luly et al., 2006; Shulmeister and Lees, 1995). Dune activation at Rosie Creek in the western Gulf 
between 8,000 and 6,000 years ago (Nott et al., 1999) and between 9,000 and 7,500 yr BP on 
Groote Eylandt (Shulmeister and Lees, 1992) also suggests a period of aridity during the early 
Holocene. Similarly, Witherspoon Swamp on the sclerophyll boundary of the Atherton Tablelands 
indicate a drier period at 6,900 BP (Moss et al., 2012), at odds with Lake Euramoo (Haberle, 2005), 
suggesting widespread aridity outside of the Atherton Tablelands.  
2.5.3 Mid-Holocene 
Palaeoenvironmental studies from the coastal lowlands of northern Australia indicate the mid-
Holocene is characterized by expanding freshwater resources and an increased period of effective 
precipitation. A permanent freshwater catchment developed by 7,500 yr BP on Groote Eyland 
(Shulmeister and Lees, 1992), 7,000 cal. yr BP at Big Willum Swamp on Cape York (Stevenson et 
al., 2015), 7,000 BP at Whitehaven Swamp (Genever et al., 2003) and 6,000 BP further south at 
Wyvuri Swamp (Crowley and Gagan, 1995). The Whitehaven Swamp pollen record is characterized 
by rapid expansion of Melaleuca followed by Cyperaceae and Leptocarpus (Genever et al., 2003), 
similar to vegetation transitions at Wyvuri Swamp (Crowley and Gagan, 1995). Leptocarpus 
becomes the dominant aquatic taxa at Three-Quarter Mile Lake, with the diatom record identifying 
a brackish ephemeral system transitioned to a permanent freshwater lake around 5,000 yr BP (Luly 
et al., 2006). The expansion of freshwater catchments during the mid-Holocene may indicate 
increased effective precipitation throughout tropical northern Australia, however, the vegetation 
succession recorded at Wyvuri Swamp is likely driven by sea level, identifying the 
‘sinuous/cuspate’ freshwater phase where wetland vegetation replaces mangroves (Clark and 
Guppy, 1988; Crowley, 1996; Woodroffe, 1993, 2000), rather than a response to regional climate 
change. 
 
Dryland vegetation records also suggest a period of higher rainfall during the mid-Holocene. On 
Vanderlin Island, open eucalyptus woodlands transitioned to Melaleuca woodlands between 7,500 
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and 4,500 cal. yr BP, accompanied by wetland species including sedge, rush and fern taxa (Prebble 
et al., 2005). Pollen concentrations, charcoal particles and organic sedimentation peaked at Walala 
on Vanderlin Island by 5,500 cal. yr BP (Prebble et al., 2005). Open Eucalyptus forest and vine 
thicket associated vegetation developed on Groote Eylandt between 7,500 -3,800 yr BP, with 
organic sedimentation rate and pollen influx data comparable to results from Vanderlin Island 
suggesting effective precipitation increased until 4,000 BP (Shulmeister, 1992; Shulmeister and 
Lees, 1995). Further south at Whitehaven Swamp, tentative dates between 7,000 and 4,500 yr BP 
are given for maximum rainforest development in the region, although further research is needed 
(Genever et al., 2003). Mound springs in the Kimberly record increased rainfall between ~4,600-
3,200 cal. yrs BP (McGowan et al., 2012). In the Western Torres Strait, wet eucalyptus forest 
developed in the early to mid- Holocene (Rowe, 2007a), corresponding to Myrtaceae dryland 
vegetation developing by 9,000 yr BP across the Cape York Peninsula (Butler, 1998; Stephens and 
Head, 1995). These records suggest an effective precipitation maximum occurred across coastal 
lowland sites in northern Australia during the mid-Holocene. This is similar to the trend found on 
the Atherton Tablelands, with freshwater swamps stabilizing and rainforest vegetation reaching its 
maximum extent in the mid-Holocene (Hiscock and Kershaw, 1992; Moss et al., 2012; Moss and 
Kershaw, 2007).  
2.5.4 Late Holocene 
During the late Holocene, coastal lowland sites record a drier climate with increased variability 
beginning around 4,200 cal. yr BP, and peaking at 1,500 cal. yr BP (Abram et al., 2009; Denniston 
et al., 2013; Griffiths et al., 2010; Haberle, 2005; Luly et al., 2006; McGowan et al., 2012; Moss et 
al., 2012; Prebble et al., 2005; Reeves et al., 2013; Rowe, 2007a; Shulmeister, 1992). Records from 
the Atherton Tablelands indicate a similar period of increased aridity, decreased effective 
precipitation and low lake/swamp levels for the last 3,600 years (Hiscock and Kershaw, 1992). 
Weakening of the monsoon system and intensification of ENSO events between 2,500 and 1,700 
cal. yr BP recorded in coral, foraminifera and sediment records in the IPWP region are thought to 
have driven environmental change across tropical northern Australia during the late Holocene 
(Gagan et al., 2004; Moy et al., 2002; Tudhope et al., 2001; Woodroffe et al., 2003). 
Palaeoecological records from Groote Eylandt, Vanderlin Island and the Torres Strait Islands 
indicate a highly variable, dry climate with increased burning occurred in the late Holocene (Luly et 
al., 2006; Prebble et al., 2005; Rowe, 2007a; Shulmeister and Lees, 1995). Haberle (2005) and 
Moss et al. (2012) find similar signs of variability and disturbance in the drier margins of the 
Atherton Tablelands.  
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Groote Eylandt records a significant decline in effective precipitation between 3,700 and 1,000 cal. 
yr BP as deposition rates decrease, oxidated sediment increases and the aquatic Restionaceae pollen 
declines (Shulmeister, 1992; Shulmeister and Lees, 1995). This coincides with increased ENSO 
variability and a weakened Indonesian Australian Summer Monsoon, causing a peak in aridity around 
1,500 cal. yr BP (Denniston et al., 2013; Gagan et al., 2004; Griffiths et al., 2010; McGowan et al., 
2012). Diatom and pollen analysis from Vanderlin Island show a lake formed and remained stable 
from 5,500 cal. yr BP until present (Prebble et al., 2005). Vegetation around the lake became more 
open between 4,500 and 3,000 cal. yrs BP, with the presence of fire possibly driving vegetation 
succession (Prebble et al., 2005). Pollen and charcoal from the Torres Strait records a disparity 
between stable swamp conditions, suggesting higher effective precipitation, and vegetation records 
that indicate a drier late Holocene (Rowe, 2007a), similar to that found on Vanderlin Island. On Mua, 
Badu and Zurath Island in the Torres Strait tree abundance declines as sclerophyll communities 
transitioned to more open woodlands, in conjunction with increasing charcoal concentrations from 
3,500 to 3,000 cal. yrs BP (Rowe, 2007a). A regional trend towards open woodlands in the late 
Holocene may be a response to increased fire events, with further research needed to explore this 
relationship.  
 
Several sites record freshwater wetlands developing in the late Holocene, despite records suggesting 
decreased effective precipitation. Mangrove presence was negligible during the last 3,000 yrs BP on 
Zurath Island in the Torres Strait, with the development of a freshwater swamp between 2,500-
2,400 cal. yrs BP remaining unchanged until present (Rowe, 2007a). On Mua and Badu Islands, 
Melaleuca canopies develop as water levels stabilise after 2,600 cal. yr BP (Rowe, 2007a), while on 
Saibai Island a shift to an Eleocharis dominated brackish-freshwater swamp occurs, suggesting a 
period of increased precipitation (2,500-1,200 cal. yrs BP) (Barham, 1999, 2000). However, as with 
Wyvuri Swamp at Innisfail (Crowley and Gagan, 1995), the Torres Strait Island records are 
influenced by localised sea-level fluctuations and mangrove succession, and caution is needed when 
interpreting a climatic signal from the palaeoenvironmental records.  
 
Despite the influence of fluctuating late-Holocene sea levels, the timing of wetland development in 
the Torres Strait Islands is comparable to inland records of northern Australia. Water availability 
was sufficient between 6,400 and 2,100 yrs BP for swamp formation to occur at Lake Koonigirra on 
the Cape York Peninsula, with relatively dense forest surrounding the site (Butler, 1998). Swamp 
forests expanded across western and southern Cape York Peninsula, with organic deposition and 
expansion by 2,700 cal. yr BP at Isabella and Garden Creek Swamp (Stephens and Head, 1995), a 
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permanent and deep body of water forming at Big Willum Swamp by 2,200 cal. yrs BP (Stevenson 
et al., 2015) and at sites in the eastern Kimberley region at 2,500 yr BP (Head and Fullager, 1992). 
Records from Isabella and Garden Creek Swamp show peat began to accumulate prior to 2,770 yr 
BP, with the presence of wetland vegetation including fern spores, Triglochin, Cyperaceae and 
Pandanus (Stephens and Head, 1995). Coornamu and Green Swamp in the eastern Kimberly’s 
found sufficient surface water to form wetlands from around 2,100 and 1,000 years BP (Head and 
Fullager, 1992). A record from Black Springs in the Kimberly region suggest an arid period 
occurred from ~3,200 cal. yr BP, with the freshwater aquatic Triglochin sp. and fluvial 
sedimentation recording increased summer monsoon rainfall in the last 1,300 cal. yr BP (McGowan 
et al., 2012). Charcoal records from Black Springs show fire increased in the landscape in the last 
1,100 cal. years, with authors suggesting Aboriginal populations increased in the region (McGowan 
et al., 2012). On Groote Eylandt the past 1,000 years see effective precipitation recover as swamp 
taxa increase (Shulmeister, 1992; Shulmeister and Lees, 1992). However, the local vegetation 
record suggests increasingly dry conditions as Eucalyptus forests became more open, Poaceae 
values increase and charcoal concentration peaks (Shulmeister, 1992; Shulmeister and Lees, 1995), 
similar to the trend identified in the Torres Strait and on Vanderlin Island. Palaeoenvironmental 
records from northern Australia suggest freshwater became more reliable from 2,600 years BP until 
present despite vegetation records indicating late-Holocene drying (Rowe 2007b). Increased 
precipitation may be due to an extended La Nina-like event from 1,500-1,000 years ago (Donders et 
al., 2007; Markgraf and Díaz, 2000; Moss et al., 2011; Williams et al., 2010). Charcoal records 
indicate increased burning in the Torres Strait (Rowe, 2007a), Vanderlin Island (Prebble et al., 
2005)and Groote Eylandt (Shulmeister, 1992) in the late Holocene, suggesting vegetation openness 
may be a response to changing fire regimes rather than decreased effective precipitation. 
 
 Conclusion 
This chapter examined palaeoenvironmental records from the Atherton Tablelands and coastal 
lowlands of tropical northern Australia. Records spanning the late Pleistocene suggest the Last 
Glacial Maximum was a period of aridity and cooler temperatures, causing rainforest to contract 
and savanna vegetation to expand in the Atherton Tablelands. During the early Holocene rising sea 
levels breached the Carpentaria Plains and the coastline approached its modern position. Ephemeral 
swamps develop at Groote Eyland, Vanderlin Island, Lizard Island and Three Quarter Mile Lake in 
the early Holocene, coinciding with activation of swamps in the Atherton Tablelands with 
vegetation and dune proxies indicating a period of aridity extending into the mid-Holocene.  
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The mid-Holocene sees mangrove expansion tracking sea-level rise at many coastal sites in 
northern Australia, with the ‘big swamp phase’ peaking 6,000 years ago. The sea level was ~1-2.5m 
higher than pmsl from 6,400 cal. yr BP, falling to present levels in the last c. 1,000 years in the 
southern Gulf of Carpentaria (Chappell et al., 1982; Rhodes, 1982; Rhodes et al., 1980). As sea 
levels fell mangroves were replaced by freshwater Leptocarpus/Eleocharis taxa during a final 
freshwater or ‘sinuous/cuspate’ phase (Clark and Guppy, 1988; Woodroffe, 1993, 2000; Woodroffe 
and Grindrod, 1991). Many coastal lowland swamps became permanent sources of brackish or 
freshwater, with a peak in effective precipitation occurring around 4,000 yr BP (Shulmeister and 
Lees, 1995). Changes recorded in coastal lowland sites are comparable to the maximum extent of 
rainforest on the Atherton Tablelands, suggesting a mid-Holocene ‘climatic optimum’ may have 
occurred throughout northern Australia.  
 
Several inland freshwater sites become active in the late Holocene, and previously 
ephemeral/shallow swamps maintain freshwater despite vegetation records suggesting increased 
aridity. Increasing Poaceae values in the pollen record suggest an ‘opening’ of vegetation as 
burning increased around 2,000 years ago. Whether vegetation is responding to increasing 
anthropogenic burning or increasing variability driven by ENSO events is unclear. However, it is 
possible that vegetation is responding to increased fire events rather than decreasing effective 
precipitation. Additionally, sea-level stabilization and coastal progradation in the late Holocene 
controlled the timing and formation of sites across northern Australia’s low lying coastal plains, 
influencing vegetation transition in the region independent of climatic and anthropogenic factors.  
 
The literature review presented here highlights the need for further palaeoenvironmental studies 
across tropical northern Australia. This thesis presents palaeoenvironmental records of wetland 
development, vegetation succession and fire regimes during the Holocene from the South Wellesley 
Islands in the southern Gulf of Carpentaria. The site is ideally located to address a spatial gap in the 
current palaeoenvironmental records, with high resolution analysis aimed at resolving the timing of 
wetland development and vegetation transition in the Gulf region. Continuous macroscopic charcoal 
analysis will provide the first local study of fire regimes in the Gulf region, with the integration of 
palaeoecological research and archaeological studies (Memmott et al., 2016; Ulm, 2013) exploring 
the complex relationship between humans and the environment during the Holocene.  
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 Physical setting of the South Wellesley Islands 
 Introduction 
The Wellesley Islands in the southern Gulf of Carpentaria formed between 8,000 and 6,500 yr BP 
as sea levels rose (Reeves et al., 2008). The archipelago consists of 23 islands stretching across 
5,500km2 and is divided into the North and South Wellesley Islands. Mornington Island is the 
largest (966.5km2) of the geographically and culturally separate North Wellesley Islands, with a 
maximum height above sea level (asl) of 40m. Sites analysed for this study are located in the South 
Wellesley Island, the largest of which is Bentinck Island (143.67 km2, 22m asl) but also includes 
Sweers, Fowler, Albinia, Margaret, Allen, Little Allen, Bessie, Douglas and Horseshoe islands 
(Figure 3.1). This chapter outlines the physical setting of the South Wellesley Islands, including the 
geology, climate and vegetation.  
 
Figure 3.1: The North and South Wellesley Islands, southern Gulf of Carpentaria, northern Australia. 
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 Geology and geomorphology 
During the late Jurassic and early Cretaceous (161-100 million years ago) the Gulf of Carpentaria 
was submerged and the Normanton Formation sedimentary unit deposited (Figure 3.2; as Kln ) 
(Grimes, 1979; Smart et al., 1980). An extension of the sandstone, mudstone and limestone from 
the Normanton Formation is exposed in isolated areas across Bentinck and Sweers Island. 
Subsequent weathering during the Cenozoic Era allowed lateritization to occur throughout the Gulf 
(T&Qf; Figure 3.2). Downwarping and minor uplift are thought to have raised the Wellesley Islands 
and caused the lateritic Mornington Plateau (Kln) to form in the Pliocene (Grimes, 1979).  
 
 
Figure 3.2: Geology of the Carpentaria and Karumba Basins, including the North and South Wellesley Islands (Smart et 
al., 1980: 73). 
 
The last Glacial-Interglacial Transition sea level transgression drowned the Gulf of Carpentaria 
during the early Holocene, with sea levels reaching pmsl around 7,400 cal. yrs BP, followed by a 
local sea level highstand approx. +1-2.5m above pmsl by 6,400 cal. yrs BP (Chappell et al., 1982; 
Lewis et al., 2013; Nott, 1996; Rhodes, 1982; Rhodes et al., 1980). Coastal deposition formed 
beach ridges (Qhm) and coastal flats (Qac) during the Holocene in the South Wellesley Islands, 
including beaches, supra-tidal mudflats, cheniers and aeolian dunes (Figure 3.2). The lateritic 
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bedrock forms low sea cliffs where the exposed Mornington Plateau meets the coast. Laterite cliffs 
are found on the southeast coast of Bentinck Island and in the interior claypans (Figure 3.3) 
(Grimes, 1979). Many of the smaller sand islands in the Wellesley archipelago are regularly altered 
by cyclones, currents and storm surges.  
 
Figure 3.3: Example of an exposed laterite cliff in the central claypan of Bentinck Island. 
 
Shallow sandy soils overlie clay or laterite along the coastline (Grimes and Sweet, 1979). Wetlands 
and dune swales support heavier loam and clay organic rich soils. The Mornington Plateau consists 
of ferruginous laterite with a nodular ferricrete zone. Undisturbed plains in the Wellesley Islands 
are composed of yellow grey loams and clays with nodular laterite present at shallow depths 
(Grimes, 1979). Saline, supratidal mudflats divide Bentinck Island, consisting of red clays often 
overlying mangrove muds and iron-pisolith deposits. Inland the lateritic bedrock produces well 
drained, clay rich soils with poor nutrient availability and seasonal cracking in areas of ephemeral 
wetlands. Inland dune systems, such as on the north east coast of Bentinck Island, consist of deep 
siliceous sands.  
 
 Hydrology 
The Gulf of Carpentaria has fluctuated between an exposed plain, freshwater lake and open ocean 
during the last glacial period (Chivas et al., 2001; Reeves et al., 2007; Torgersen et al., 1985). 
Today, the Gulf is a shallow epicontinental sea less than 70m deep. Oceanic waters enter the Gulf 
via the Arafura Sill to the west and Torresian sill to the east, creating a clockwise current which is 
enhanced by northwest monsoon winds (Forbes and Church, 1983) (Figure 3.4). Occasionally 
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strong southeast trade winds can drive a counter clockwise circulation during neap tides. The 
southeast corner of the Gulf experiences large variations in mean sea level due to winds, 
atmospheric pressure and wet-season runoff from the mainland (Forbes and Church, 1983). The 
greatest range of monthly mean sea levels within the Gulf of Carpentaria is found in the southeast 
corner at Karumba (75cm), adjacent to the Wellesley Islands. The region is a low-energy 
environment for part of the year, with waves created by the southeast trade winds during winter, and 
the northwest monsoonal winds from January to March. Tidal variation in the Gulf varies, with a 
tidal range of ~4m at Karumba (Figure 3.4). A diurnal tide is disrupted by a semi-diurnal ‘double 
tide’ for one to three days each fortnight, with little change during this period.  
 
Figure 3.4: Dominant oceanic circulation of the Gulf of Carpentaria and location of Karumba (Forbes and Church, 
1983; Rosendahl, 2012). 
 
 Present climate 
Initial work on global climates by Köppen (1931) classified northern Australia as ‘tropical wet/dry’, 
based on environmental categories including temperature and precipitation, as expressed by 
vegetation. Puvaneswaran (1990) used temperature, humidity and rainfall data from 113 weather 
stations in Queensland (including Mornington Island in the Wellesley Islands), reclassifying the 
Wellesley Islands and majority of the Gulf country as ‘Tropical’. Stern et al. (2000) refined the 
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original work by Köppen (1931) specifically for Australia, with the southern Gulf of Carpentaria 
further divided into ‘Tropical savanna’.  
 
The present climate of tropical northern Australia is driven primarily by the seasonal migration of 
the Intertropical Convergence Zone (ITCZ) (Figure 3.5). The ITCZ’s migration influences the air 
mass movement and climate of Indonesia, Papua New Guinea, Cape York and the Northern 
Territory (Nix and Kalma, 1972; Sturman and Tapper, 1996). The ITCZ migrates southward into 
northern Australia during the summer (November-March), bringing the Australian Summer 
Monsoon (ASM) rains and northwesterly winds. Seasonal changes in continental heating cause the 
ITCZ to move north of the equator in the austral winter, with continental high-pressure systems 
over northern Australia weakening southeastern trade winds and reducing winter rainfall (Reeves et 
al., 2013).  
 
Figure 3.5: Map of current climatic drivers in northern Australia, with the summer location of the ITCZ (-----).  
 
More than 400,000 km2 of Western Australia, Queensland and the Northern Territory are influenced 
by the Australian summer monsoon (ASM), lasting weeks to months (McBride, 1998; Suppiah, 
1992). Heat lows develop over the Pilbara and Cloncurry region of the semi-arid Australian tropics 
drawing humid maritime air over the continent and causing moisture discontinuity between air 
masses (Sturman and Tapper, 1996; Suppiah, 1992). The reestablishment of the dry southeasterly 
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air flow causes breaks in the monsoon season as the ITCZ periodically retreats north (McBride, 
1998). The strength of the ASM is affected by climatic drivers including El Niño-Southern 
Oscillation (ENSO) events, the Indian Ocean Dipole (IOD), the Pacific Decadal Oscillation (PDO) 
and sea-level fluctuation.  
 
The Indo-Pacific Warm Pool (IPWP) is the key oceanographic feature driving climate within the 
region, transferring heat and moisture between the ocean and atmosphere. The IPWP is an area of 
warm buoyant surface water between Indonesia and northern Australia. The temperature, size and 
location of the IPWP effects regional atmospheric circulation and global climate, and is considered 
the worlds ‘heat engine’ (Cane and Clement, 1999; van der Kaars et al., 2010). Excessive rainfall 
creates a stable layer of fresher water with higher sea surface temperatures (SST) providing 
moisture and heat to the atmosphere driving the Walker Circulation and providing precipitation to 
the ASM (De Deckker et al., 2003; Gagan et al., 2004; Linsley et al., 2010; van der Kaars et al., 
2010). The shallow seas of the Sunda and Sahul shelves and the size of the IPWP supplies much of 
the heat and moisture (van der Kaars et al., 2010). Lower-than-present sea levels during the last 
glacial period and early Holocene likely reduced the ASM, until the shallow seas were restored 
(Markgraf et al., 1992; Shulmeister and Lees, 1995). The intensity and size of the IPWP are linked 
to ENSO events and the IOD (Gagan et al., 2004; Saji et al., 1999; Webster et al., 1999). 
 
The two phases of ENSO, El Niño and La Niña, affect the interannual rainfall patterns and climate 
variability across tropical northern Australia (Gagan et al., 2004; Lo et al., 2007; McBride and 
Nicholls, 1983; Ropelewski and Halpert, 1987; Sturman and Tapper, 1996; Yarnal and Kiladis, 
1985). El Niño phases occur every 3-7 years causing lower rainfall, droughts and fires across north 
eastern Australia. Wind-driven currents associated with ENSO move water from the IPWP towards 
the central equatorial Pacific during El Niño events, displacing rainfall and atmospheric convections 
(Rasmusson and Carpenter, 1982). During El Niño events, the Walker Circulation is reversed, 
reducing rainfall to the IPWP region, delaying the onset and reducing the intensity of the ASM 
(Donders et al., 2007; Gagan et al., 2004; Moy et al., 2002). La Niña events increase monsoon 
precipitation and extend the Leeuwin Current along the southern Australian coast (De Deckker et 
al., 2012). 
 
The IOD in the Indian Ocean is an interannual climate mode, with variable SST driving the tropical 
climate and rainfall variability (Saji et al., 1999; Webster et al., 1999). A positive phase often 
occurs during El Niño events, with cooler SSTs in the east and warmer SSTs in the west driving 
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easterly winds (Meyers et al., 2007; Yamagata et al., 2004). The negative IOD phase often occurs 
during La Nina events, contributing moisture to the atmosphere and enhancing monsoon activity 
(Meyers et al., 2007; Saji et al., 1999; Yamagata et al., 2004). 
 
The PDO is a decadal regime with distinct warm and cool phases (Mantua and Hare, 2002), 
fluctuating at periodicities of 15-25 years and 50-70 years (Minobe, 1999, 2000). The PDO shares 
similar climate anomalies associated with ENSO (Mantua and Hare, 2002), with anomalously cool 
SSTs in the north Pacific and warm SSTs in the eastern Pacific during warm phases. The warm 
phase of the PDO correlates with anomalously dry periods in eastern Australia and warm 
temperatures in northwestern Australia, with the cool phase coinciding with increased precipitation 
in western Australia (Mantua and Hare, 2002). The PDO interacts with ENSO when in phase, 
enhancing wet/dry anomalies (Wang et al., 2014). 
 
3.4.1 Average climate conditions 
The tropical Australasian region experiences significant seasonal variation in prevailing winds and 
rainfall, with the southward migration of the ITCZ bringing the ASM. Approximately 90% of the 
years rainfall and northwesterly winds occur during the short wet season (November to March) 
while drier Southeast Trade Winds dominate during the long dry season (April to October). Rainfall 
data from Mornington Island (North Wellesley Island) since 1914 shows January and February to 
be the wettest months with a mean of 326 and 307 mm respectively (Figure 3.6) (Bureau of 
Meteorology, 2016a). Temperature data from 1972 show a mean maximum of 33°C in November 
and mean minimum of 16°C in July (Bureau of Meteorology, 2016a).  
 
Figure 3.6: Average monthly temperature (°C) and rainfall (mm) on Mornington Island, north Wellesley Islands 
(Bureau of Meteorology, 2016a). 
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Cyclones develop along the monsoon shear line (10° and 20° latitude) (Suppiah, 1992) created by 
the easterly trade winds and monsoon westerlies (Sturman and Tapper, 1996). Tropical summer 
cyclones contribute significantly to summer rainfall (Jiang and Zipser, 2010; Nott et al., 2007; 
Suppiah, 1992), with 24 recorded passing within 100km of the Wellesley Islands between 1906 and 
2006 (Figure 3.7) (Bureau of Meteorology, 2016d). Historical records of a tropical cyclone in 1936 
passing over Mornington Island reportedly demolished most of the buildings, with a storm surge up 
to 1.5m high. In 1948, a tropical cyclone moved from Groote Eylandt, making landfall in the west 
of Mornington Island. The storm surge inundated Bentinck Island, with sea water reaching 3.7m 
above the high tide mark, contaminating water sources and affecting vegetation (Bureau of 
Meteorology, 2016c).  
 
Figure 3.7: Tropical cyclone track within 100k of the Wellesley Islands from 1906-2006 (Bureau of Meteorology, 
2016d). 
 
Wind speed and direction data are available for Mornington Island (~35km from Bentinck Island). 
In the Wellesley Islands the highest wind speeds occur in the morning of the cooler months (June-
July) with the strongest mean winds (18.4 kmh) in June (Figure 3.8). The weakest mean wind 
speeds occur in summer between January-February in the morning (8.7 kmh). Morning and 
afternoon winds follow a similar seasonal pattern although morning winds show more monthly 
variation. The maximum afternoon wind speeds (15.1 kmh) also occur in June with the minimum 
(10.6 kmh) in February (Figure 3.8). The mean afternoon wind speed shows less variation (range = 
4.5 kmh) compared to the morning (range = 9.7 kmh). 
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Figure 3.8: Mean monthly wind speeds for 9am and 3pm from Mornington Island (1965-2010) (Bureau of Meteorology, 
2016a). 
 
Windroses from Mornington Island show the wind strength and direction for mornings (9am) and 
afternoons (3pm) in summer (January) and winter (July) (Figure 3.9). The prevailing winds are 
northwesterly during the wet season (late December to March). In January north and northwesterly 
winds prevail in the morning (10-20%), with diurnal variation evident as northwesterlies intensify 
and dominate in the afternoon (25-30%). The southeast trade winds begin in the cool dry season 
(May to August) and are the strongest in June-July. In the morning southeasterlies prevail (70%), 
peaking after mid-morning with speeds over 20kmh (Memmott, 1979: 47; Roughsey, 1971). Little 
diurnal variation is seen in July as southeasterlies slightly decline (60%) in the afternoons. Winds 
drop further during the evening and begins to build again after midnight. During September-
October the intensity subsides and is occasionally interrupted by northwesterly winds. Calm 
conditions occur more often in the summer (16%) than winter (7%) months. 
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Figure 3.9: Windrose for the morning (9am) and afternoon (3pm) in summer (January) and winter (July) from 
Mornington Island, north Wellesley Islands between 1965-2010 (Bureau of Meteorology, 2016a). 
 
 Flora of the South Wellesley Islands 
The South Wellesley Islands are characterised by alluvial plains and coastal environments, and are 
part of the Gulf Plains bioregion. Vegetation communities include sclerophyll woodlands 
dominated by Eucalyptus and Melaleuca, grasslands, vine thickets, mangrove stands and wetlands. 
The Wellesley Islands are floristically diverse, and have not been systematically surveyed prior to 
this study. Initial floristic surveys include a visit in 1802 by the naturalist Robert Brown, who 
collected several flora specimens during the Investigators stay on Sweers Island. 72 specimens from 
Sweers Island and 31 from Bentinck Island are currently held in the Natural History Museum, 
London (Chapman et al., 2000). The Queensland Herbarium retains 79 specimens from Sweers 
Island collected in 1862 and 1901. Many of the specimens from Bentinck Island were collected by 
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N.B. Tindale during his ethnographic study (1960 and 1963). In 2002 as part of the Royal 
Geographical Society of Queensland’s Gulf study, 77 new species were collected from Sweers 
Island and one from Bentinck Island (Thomas and Pedley, 2005).  
 
Vegetation groups identified on Sweers Island by Thomas and Pedley (2005: 360) include:  
 Eucalyptus, Corymbia, Melaleuca low open woodland and tall open shrubland on 
clay soils with poor drainage and on older sand dunes.  
 Casuarina equistifolia coastal low open woodlands.  
 Grasslands on eastern sand dunes, disturbed central sand ridges and karstic limestone 
outcrops.  
 Chenopod herbland in saltmarshes. 
 Mangroves (limited species unlike on Bentinck Island). 
For this thesis, vegetation is divided into 7 vegetation communities: semi-deciduous monsoon vine 
thicket, sclerophyll woodland and open forest, grasslands, wetlands, saltmarsh and mangrove 
communities. These communities are referred to throughout the thesis and outlined in detail below, 
with vegetation surveys and modern pollen assemblages presented in Chapter 5. 
3.5.1 Semi-deciduous monsoon vine thicket  
Semi-deciduous monsoon vine thicket (referred to as vine thicket) is characterised by the presence 
of deciduous and semi-deciduous taxa, vines, a closed canopy and a lack of an understorey (Figure 
3.10) (Brock, 1988). Communities are distributed along coastlines on calcareous and siliceous 
dunes, and on lateritic landforms adjacent to modern coastlines. Discreet patches within the coastal 
and subcoastal belt become scattered inland constituting a minor proportion of the total vegetation. 
In the wider region, vine thicket distribution is determined by current rainfall distribution with 
patches concentrated in areas of high rainfall (Brock, 1988). Seasonal moisture availability 
determines the structural type of the vine thicket; coastal siliceous and calcareous edaphic 
environments support semi-deciduous notophyll vine forest to deciduous vine thicket along a 
gradient of declining moisture (Russell-Smith, 1986; Russell-Smith and Dunlop, 1984). In areas 
with low soil moisture, the canopy height declines, deciduous species dominate and the understorey 
consists of vines and shrubs. The deciduous vine thicket canopy can be reduced to 2-3m under 
harsh soil and soil moisture conditions and wind-shear in exposed regions, becoming an 
impenetrable thicket blanketed with vines (Russell-Smith, 1986; Russell-Smith and Dunlop, 1984). 
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Figure 3.10: Examples of monsoon vine forest patches in the South Wellesley Islands. 
 
Russell-Smith (1986) found 182 of the 199 flowering plants surveyed across coastal sites in the 
Northern Territory occurred on Holocene aged landforms, noting many vine thicket species are 
vagile and the current distribution is of relatively recent origin. Despite their ability to colonise 
areas relatively rapidly, vine thicket is restricted to discreet patches across northern Australia. 
Seasonal water scarcity makes vine thicket vulnerable to fires, as dry conditions limit development 
of the root system in young plants (Brock, 1988). Communities are often restricted to protected 
areas, such as rocky sites and in the fire-shadow of dunes and ridges in the South Wellesley Islands. 
Research from northern Australia concludes that vine thicket distribution is restricted primarily by 
fire regimes, rather than edaphic controls (Russell-Smith, 1986; Shulmeister, 1994; Stocker, 1966). 
The thick grassy understories adjacent to vine thicket patches increases the community’s risk of fire 
exposure.  
 
In the Wellesley Islands, vine thicket communities grow in small patches on well-drained soils 
along the coastline and, on Sweers Island, on an exposed limestone escarpment (Thomas and 
Pedley, 2005). Common emergent trees in the coastal vine thicket communities include the 
deciduous Canarium australianum and Terminalia muelleri. Evergreen species include Diospyros 
humilis, Celtis paniculata, C. philippensis and occasionally Mallotus nesophilus, Acacia 
lamprocarpa, Exocarpos latifolius and on Sweers Island Gyrocarpus americanus. Particularly harsh 
sites exposed to southeasterly winds have low canopies and many vines including: Tinospora 
smilacina, Passiflora foetida, Cassytha filiformis, Abrus precatorius, Jasminum didymium and 
Capparis sepiaria. Thick leaf litter eliminates ground cover, with fringe species including Ficus 
opposita, Eucalyptus and Acacia spp. 
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3.5.2 Sclerophyll woodland and open forest 
Sclerophyll woodland and open forest is identified by the structure, canopy height and foliage cover 
(Specht, 1994). The canopy height of woodlands is between 2-30m, with less than 30% foliage 
cover, while open forest is dominated by trees 10-30m high, with 30-70% foliage cover (Gill, 1994; 
Specht, 1994). For the purpose of this thesis open forest and woodland are discussed together.  
Older sand platforms in the islands interiors support open forests of Eucalyptus and Corymbia 
species. C. grandifolia dominates a small area of open forest established in the centre of Sweers 
Island (Saenger, 2005; Thomas and Pedley, 2005). Corymbia pocillum, C. polycarpa, C. grandifolia 
and E. pruinosa form the canopy of inland sites on Bentinck Island with Acacia spp., Pandanus 
spiralis. and Melaleuca spp. as common components. Understorey shrubs include Grevillia 
pteridifolia, Dodoneae hispidula and Carissa lanceolata. Grass species are diverse, covering 20-
60% of the ground across sites surveyed, including: Setaria, Digitaria, Yakirra, Eriochloa, Aristida 
and Eriachne spp. Interestingly, Tindale noted Macrozamia cycads on Bentinck Island during his 
visit in 1960 on the northern dunes (Tindale, 1962a: 286), however the species was not observed by 
the author.  
 
Across the South Wellesley Islands, woodland communities are floristically distinct, dominated by 
either Corymbia/Eucalyptus or Melaleuca species (Figure 3.11). Low canopy (>3m) woodlands of 
M. viridiflora commonly include Petalostigma banksia, Terminalia canescens and Alphitonia 
pomaderroides. M. stenostachya dominates inland alluvial plains which are seasonally flooded, 
with Hakea arborescens, Cochlospermum gregorii, Terminalia canescens and E. pruinosa present. 
C. bella woodlands form in similar environments to open Melaleuca forest. Wrightia saligna is 
commonly present with understorey shrubs and herbs including Euphorbia spp., Scaevola glabrata, 
Carissa lanceolate and Dolichandrone heterophylla. Specific woodland grasses include 
Bothriochloa spp and Chrysopogon spp.  
 
Figure 3.11: Examples of sclerophyll communities dominated by Melaleuca and Eucalyptus/Corymbia. 
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3.5.3 Grasslands 
Grasslands are extensive across tropical northern Australia and defined here as an open vegetation 
community dominated by graminoids with scattered shrubs and trees present. On the South 
Wellesley Islands, grasslands are present on coastal dunes, mudflat margins and interior plains 
(Figure 3.12). Foliage cover is less than 10% and is most often isolated Eucalyptus and Corymbia 
species. Other species include Ficus opposita, Pandanus spiralis, Dolichandrone heterophylla, 
Premna acuminate and Canarium australianum. Herbs present include Euphorbia spp, Fabaceae 
spp., Gomphrena canescens, Trichodesma zeylanicum and Grewia retusifolia. 
 
Grasslands are floristically distinct from those found in open forest and woodland communities, and 
include perennials and species of varying heights. Grass species recorded include Heteropogon 
spp., Chrysopogon spp., Melinis spp., and Aristida spp. Termite mounds are common throughout 
grasslands and open woodland environments. 
 
Figure 3.12: Example of a grassland community in the South Wellesley Islands. 
 
Grassland communities on the coastal dunes of the South Wellesley Islands differ from those 
discussed above by a complete lack of trees (Figure 3.13). Unconsolidated sandy soils with very 
little organic content support a range of grasses, herbs and coastal vines. Grass species in coastal 
communities includes Enneapogon spp. and Triodia pungens. Gomphrena canescens and 
Euphorbia spp. are often present with the coastal vine Ipomea pes-caprae and Cassytha filiformis. 
Pandanus spiralis, Casuarina equistifolia subsp. Equistifolia and Ficus opposita are occasionally 
present, with Eucalyptus/Corymbia present on back dunes.  
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Figure 3.13: Examples of coastal grassland communities.  
 
3.5.1 Wetlands 
In the South Wellesley Islands freshwater collects seasonally in the interior plains on grey cracking 
clays, and in coastal swales where organic loams form (Figure 3.14). These environments support a 
range of freshwater aquatic taxa and associated fringe species. In the interior ephemeral wetlands, 
the surrounding vegetation is often a mix of grassland, open forest and woodland. Woodland 
vegetation is dominated by Melaleuca acacioides and includes Acacia spp, Hakea arborescens, 
Wrightia saligna and Excoecaria parvifolia. Eleocharis dulcis grows in the ephemeral swamps with 
Nymphaea violaceae, Monochoria spp., Myriophyllum spp. and Marsilea spp. M. viridiflora forms 
dense canopies over ephemeral and permanent coastal wetlands. M. dealbata, M. acacioides, M. 
leucadendra, Timonius timon and Pandanus are common arboreal taxa surrounding more open 
sites. Typha spp. grows across many of the shallow coastal swamps with Schoenus spp. present.  
  
Figure 3.14: Wetlands of the South Wellesley Islands, with an example of an ephemeral inland site (left), and a 
permanent coastal wetland (right). 
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3.5.2 Saltmarsh 
Saltmarsh communities colonise the landward fringes of saline mudflats and mangroves which 
grade into savanna and open forest. Supratidal mudflats are hypersaline and mostly devoid of 
vegetation (Figure 3.15). Saltmarshes are inundated infrequently during high spring tides and are 
flushed with fresh water during the monsoon season. Only salt-tolerant species are able to colonise 
these environments. Batis argillicola and Tecticornia indica are present, although the majority of 
the ground is exposed clay and pisoliths. 
 
On the landward fringes of mudflats the salinity is slightly reduced, with salt-tolerant grasses and 
Cyperaceae present, including: Sporobolus virginicus, Panicum trachyrachis and Xerochloa 
imberbis, Cyperus and Fimbristylis spp. Seedlings and stunted mangroves colonise interior drainage 
areas and species include Aegialitis annulata, Ceriops tagal and Excoecaria ovalis. Mudflats grade 
into mangrove communities on the seaward fringe.  
  
Figure 3.15: Saltmarsh communities on exposed mudflats in the South Wellesley Islands.  
 
3.5.3 Mangrove communities 
Mangrove communities include trees, shrubs and associates adapted to growing in areas of tidal 
inundation. 36 mangrove species are recorded across the eastern Gulf of Carpentaria (Duke, 2006), 
with dense mangrove communities fringing the protected coastlines of the South Wellesley Islands. 
The low elevation, accumulation of organic muds and low-energy environment produce ideal 
conditions for mangrove communities (Woodroffe, 2002). Mangrove communities can be divided 
into lower, mid and upper tidal zones. 
 
Mangrove distribution depends on the influence of salinity and tides, resulting in distinct mangrove 
communities in the low, mid and high tidal zones (Duke, 2006). The low-tidal zone is frequently 
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inundated, forming the seaward margin of mangrove forests. The seaward community includes a 
mixed open forest of stunted Aegialitis annulata, Avicennia marina and Batis argillicola (salt bush) 
with a sandy substrate. Rhizophora stylosa grows from mid to low intertidal environments, and 
dominates the banks of tidal rivers and areas with freshwater availability (Duke, 2006) (Figure 
3.16).  
  
Figure 3.16: Mangrove communities including a tidal river with Rhizophora stylosa (left) and a Bruguiera exaristata 
dominated community (right). 
 
The mid-tidal zone is inundated by regular high tides, while the high-tidal zone is only occasionally 
inundated. In the mid and high tidal zones Bruguiera exaristata form dense, closed-canopy forests 
on organic rich muds across Bentinck Island (Figure 3.16). A mixed canopy of Ceriops tagal and 
scattered A. marina characterise the landward fringe. Mangrove communities on the landward edge 
are diverse and include C. tagal, B. exaristata, Excoecaria ovalis, Aegiceras corniculatum, 
Lumnitzera racemosa and A annulata. In coastal swales and fringing freshwater wetlands, R. 
stylosa and mangrove associates Drypetes spp., Acanthus ilicifolius and Scaevola taccada are 
interspersed with monsoon vine thicket species. 
 
 Conclusion 
This chapter summarises information on the physical setting of the South Wellesley Islands 
including the geology and geomorphology, hydrology, climate and vegetation. Coastal deposition 
and geomorphic processes formed beach ridges and coastal flats during the Holocene in the South 
Wellesley Islands, including beaches, supra-tidal mudflats, cheniers and aeolian dunes. The wide 
tidal range in the Gulf of Carpentaria periodically inundates inland mudflats, creating extensive 
mangrove and saltmarsh habitats. The low-energy coastline is relatively stable, however many of 
the smaller sand islands are regularly altered by cyclones, currents and storm surges. The 
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distribution of vegetation communities are a result of a range of edaphic and abiotic features 
including the underlying geology, seasonally variable rainfall and localised salinity. Fire also affects 
vegetation community’s distribution and composition, especially the fire sensitive monsoon vine 
thicket. The background information presented here supports the palaeoenvironmental analysis in 
the following chapters.   
 42 
 
 Human history of the South Wellesley Islands 
 Introduction 
The South Wellesley Islands are home to the Kaiadilt, a population who remained largely isolated 
until European contact and intervention in the 1940s. The Kaiadilt originally included 8 Dolnoros 
(hordes) centred on Bentinck Island (Dulkawalnged or ‘land of all’) with seasonal occupation of 
outlying islands including Sweers, Allen and Horseshoe (Dangkawaridulk or ‘men absent lands’). 
Understanding the Kaiadilt people’s connection to country and management approach to the 
landscape is an essential part of reconstructing palaeoenvironmental records from the region. 
Explorers and ethnographers have long been interested in the Kaiadilt people, due to their isolation 
and distinct culture. This chapter collates information on Kaiadilt occupation during the late 
Holocene, using archaeological records and oral histories to reconstruct human prehistory and 
human-environment interactions in the South Wellesley Islands. This is followed by observations 
from explorers and ethnographers who recorded early contact, upheaval and the removal of the 
Kaiadilt people from the South Wellesley Islands.  
 
 Kaiadilt occupation 
The Wellesley Islands were separated from the mainland as rising sea levels flooded the Carpentaria 
Plains between 8,000 and 6,000 cal. yr BP (Nakada and Lambeck, 1989; Reeves et al., 2007). Sea 
levels continued to rise, reaching a highstand + 2m above present mean sea level before falling to 
present level after 1,000 cal. yrs BP (Chappell and Thom, 1986; Lewis et al., 2013; Nakada and 
Lambeck, 1989). Archaeological evidence suggest islands in northern Australia were occupied 
sporadically during the early Holocene, abandoned during sea-level rise in the mid-Holocene and 
resettled in the late Holocene (Sim and Wallis, 2008). On Vanderlin Island, in the Sir Edward 
Pellew group 250 km northwest of the Wellesley Islands, people retreated as sea-level rose in the 
early Holocene only permanently resettling in the last ~2,500 cal. yr BP once sea-level had 
stabilised and climate had warmed (Sim and Wallis, 2008). Work by Memmott et al. (2006) on 
Mornington Island, the largest of the North Wellesley Islands, found a basal date of occupation 
from 5,000-5,500 cal. yrs BP. A reassessment of the work by Memmott et al. (2006) identified the 
assemblage as natural in origin, and redated human occupation beginning 3,000 cal. yr BP in the 
late Holocene (Rosendahl et al., 2015). This new data fits within the regional model of island 
occupation suggested by Sim and Wallis (2008) during the Holocene.  
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Archaeological excavations from two shell middens on Bentinck Island and one on Sweers Island 
were the first published archaeological investigations of the South Wellesley Islands (Ulm et al., 
2010). Archaeological evidence indicates Kaiadilt people visited Sweers Island as early as 1,580 
cal. yr BP (Ulm et al., 2010). Wirrngaji on the south coast of Bentinck Island is a large shell midden 
on an elevated beach ridge, with the thick upper layer of shells dated to 860 cal. yr BP and a thin 
lower layer dated to 1,048 cal. yr BP (Ulm et al., 2010). Jirrkamirndiyarrb is a shell midden west of 
the outstation Nyilnyiki behind the Marralda freshwater swamps investigated in this thesis 
(Chapters 6-8). Radiocarbon dates show occupation of this site within the last 1,000 years, with a 
much older basal data of 3,483 cal. yr BP suggesting early site visitation (Ulm et al., 2010). 
Archaeological excavations of a shallow midden on the seaward ridge of Murdumurdu adjacent to 
the Marralda wetlands found peak occupation around 330 cal. yr BP (Moss et al., 2015). On 
Bentinck Island, glass artefacts found on the surface of sites suggest these locations were occupied 
in the recent past. 
 
Ongoing research in the South Wellesley Islands has produced 128 radiocarbon dates from 
excavations and surface scatters. Summed probability analysis of the data identifies the probability 
and amplitude of occupation through time (Figure 4.1) (Memmott et al., 2016; Rick, 1987; Ulm and 
Hall, 1996). Results suggest low-intensity visitation occurred in the last 3,500 cal. yr BP, with 
continuous occupation of the South Wellesley Islands in the last 1,000 cal. yr BP (Memmott et al., 
2016; Ulm et al., 2010). Intensified occupation occurred in the last 700 years, with over half of the 
128 radiocarbon dates calibrated to within the last 300 years (Memmott et al., 2016). These dates 
suggest people occupied the coastal fringe only in the late Holocene, fitting into the regional model 
proposed by Sim and Wallis (2008) of intensification of island use in the last 1,300 cal. yr BP. 
Archaeological evidence of occupation during the early Holocene was not found, either due to the 
mid-Holocene sea level highstand eroding earlier sites, or indicating only one recent phase of 
occupation in the South Wellesley Islands.  
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Figure 4.1: Summed probability results of calibrated radiocarbon dates from (a) the South Wellesley Islands (n=128) 
and (b) the adjacent mainland (n=7) (Memmott et al., 2016: 111). 
 
Studying changes in language identify when Wellesley Islander groups separated or fused, and 
provides a separate line of evidence for occupation of the Gulf Region. Linguistic research indicate 
a common language was shared by the Lardil (North Wellesley), Kaiadilt and mainland tribes 
(Evans, 2005). The original division into a north and south language group occurred when 
Mornington Island was colonised and the Kaiadilt and mainland groups remained on the mainland 
(Evans, 2005). New research suggests this split occurred around 2,000 cal. yr BP (Memmott et al., 
2016). The language group split again into a Mainland and Eastern Wellesley language with distinct 
geographical dialects as Kaiadilt people moved to Bentinck Island in the last 1,000 years (Evans, 
2005). Recent archaeological findings suggest a range of sites were in use by 1,500 cal. yr BP 
(Memmott et al., 2016); however the linguistic model suggests the earlier archaeological results 
may record visitation rather than occupation. Results from the linguistic research does support the 
archaeological findings of intensified occupation in the last 700 cal. yr BP (Memmott et al., 2016).  
 
Aboriginal stories of sea level change from around Australia suggest oral traditions record 
Holocene environmental change (Nunn and Reid, 2015). Sea-level rise and the isolation of the 
Wellesley Islands from the mainland are recorded by Aboriginal groups from the North and South 
Wellesley Islands and the adjacent mainland. Oral histories of the Lardil people from the North 
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Wellesley Islands record ‘channels being cut between islands elaborated into sacred histories of 
ancestral beings’ (Memmott et al., 2006: 42). One story tells of Garnguur, the seagull woman, 
dragging her raft between the peninsula and mainland causing the water to flood in and separate the 
islands from the coast (Isaacs, 2006; Roughsey, 1971). Nunn and Reid (2015) interpret these stories 
as recording the flooding of the Gulf between ~9,000 and 7,400 cal. years BP based on the 
bathymetry around the islands. A Kaiadilt oral history, Rock Cod story, told by Darwin 
Moodoonuthi and Roland Moodoonuthi and recorded by Memmott (1998: 357) tells: 
“Rock cod came from Allen Island, cut out Bessie, Douglas, Albinia, Fowler (Balthii) and 
the channel between Bentinck and Sweers. The rock cod walked all the way. People started 
chasing him from Albinia-came around south side of Bentinck Island and cut channel out”.  
 
This story tells of a site created by Dreamtime beings, and may be the Kaiadilt analogy of sea level 
separating the islands from the mainland and each other (Memmott, 1998).  
 
The Kaiadilt developed a unique and distinct culture during the late Holocene, which rarely visited 
the mainland and was isolated from the North Wellesley archipelago. Rafts were used for hunting 
(Stokes, 1846) and to visit smaller outer islands during favourable conditions (Tindale, 1962a) 
(Figure 4.2). Oral histories indicate contact with the mainland was limited, with people making the 
voyage only 3-4 times in a lifetime (Evans, 2005). Despite voyagers stopping off at smaller islands 
while travelling to the mainland, the crossing was very dangerous with several stories of drownings 
(Tindale, 1962a). The Kaiadilt and Lardil people had almost no contact prior to European arrival as 
they were separated by ~30 km of open water. (Roughsey, 1971) recorded the only incidence of a 
Kaiadilt man visiting Mornington Island, who appeared on the shores after a storm. 
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Figure 4.2: Example of a traditional Kaiadilt water craft built of Hibiscus logs lashed together with grass string. This 
raft was built by Kaiadilt and Lardil men for a museum collection. Photo by Paul Memmott, 1979 (from: Evans, 2005: 
13).  
 
 Early explorers and the South Wellesley Islands 
While the Kaiadilt people were relatively isolated, there is evidence of pre-European contact with 
early explorers and fishermen. The ‘Macassans’ were fisherman from Sulawesi who travelled to 
northern Australia collecting sea cucumbers (bêche-de-mer). The earliest evidence of a Macassan 
voyage to Australia is depicted in rock art in Arnhem Land with a minimum age of 1664 (Taçon et 
al., 2010). Until recently, only ethnographic records suggested Macassans had travelled as far east 
as the South Wellesley Islands. Flinders (1814) found tree stumps cut with iron tools and pieces of 
an earthenware jar on Bentinck Island in 1802. Human skulls and a teak board were found on 
Sweers Island from a shipwrecked prau (Macassan ship) (Dymock, 1973) with a wreck later found 
on the western side of the island (Chimmo, 1857). Tamarind trees introduced by Macassan often 
mark camp sites, with stands growing on Fowler and Bentinck Island (Oertle et al., 2014). Recent 
research provides the first archaeological evidence of Macassan visitation to the South Wellesley 
Islands, with the areas surrounding tamarind trees surveyed, pottery sherds collected and stone lines 
used for sea cucumber processing mapped (Oertle et al., 2014).  
 
Extensive historical records from the South Wellesley Islands were collated by Peter Saenger 
(Saenger, 2005, n.d.), and summarised here. The first European description of the South Wellesley 
Islands comes from the records of the Dutch explorer Jan Carstensz in 1623 (Whitehouse, 1977). 
The region was described as having “…shallow water and barren coasts; islands altogether thinly 
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peopled…” (Flinders, 1814: 11). In 1644, Abel Tasman sailed past Sweers Island, misidentifying 
‘Investigators Hill’ (elevated area of exposed limestone later named by Mathew Flinders) as a 
promontory (Robert, 1973). In 1802 Flinders, on board the Investigator, anchored off Sweers Island 
to repair and restock the ship. Sweers Island was described as “...very recently formed, chiefly of 
coral sand and ironstone and a mixture of sandstone and ironstone. There is no luxuriant vegetation 
or soil capable of producing such on the island. However, there is considerable variety of 
vegetables” (Edwards, 1981: 101). During their stay, Robert Brown and Peter Goode collected the 
first botanical specimens from the Islands, many of which were new (Edwards, 1981). Kaiadilt 
people were seen on Bentinck and possibly Sweers although no contact occurred. On Horseshoe 
Island, people were seen dragging small watercrafts and were approached, with a friendly encounter 
ensuing (Flinders, 1814).  
 
In 1841, Stokes on board the Beagle visited Sweers Island and the ‘Investigator Tree’ (Celtis 
paniculata), previously marked by Flinders in 1802 (Stokes, 1846). The tree, which blew down in a 
cyclone in 1887, now resides in the Queensland Museum with several inscriptions between 1781 
and 1866. In 1865, an epidemic in Burketown, possibly a form of malaria (Fenner, 1990), prompted 
the establishment of an isolated and temporary settlement on Sweers Island. The community had 
little contact with Kaiadilt people, and the settlement lasted only until 1872 before being mostly 
abandoned (Palmer, 1903; Saenger, 2005). When Captain Pennefather visited the Gulf of 
Carpentaria in 1880, he found Sweers Island to be overrun with cattle, sheep and goats 
(Pennefather, 1880). Later, the Kaiadilt hunted and killed all of the abandoned livestock (Roughsey, 
1971).  
 
 Ethnographers and the Mornington Island Mission 
Ethnographic and historic records from the South Wellesley Islands provide information on past 
vegetation distribution, storm events and fire regimes. Ethnographic and historic accounts record 
Kaiadilt people’s relocation to Mornington Island after the South Wellesley Islands were affected 
by drought and storm events, resulting in a period of human absence between 1948 and 1986. The 
drought and storm event caused changes in the island hydrology and vegetation distribution, with 
human absence affecting seasonal burning practices. 
 
The Kaiadilt people of the South Wellesley Islands avoided contact with early explorers and the 
temporary settlement on Sweers Island until the 1900s. Dr. Walter E. Roth, the Northern Protectors 
of Aborigines, was the first anthropologist to visit the Wellesley Islands in 1901 and gather data on 
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the Kaiadilt people (Roth, 1901). The Kaiadilt community kept their distance from Roth, who was 
only able to briefly corner a group of young women in the care of an older man (Figure 4.3) 
(Tindale, 1962a). Roth’s party collected plants, took photographs and noted coming across a long 
line of blazing fires during his visit, suggesting the Kaiadilt people were cleaning country 
(Memmott, 1982; Roth, 1903; Saenger, 2005). To ‘clean up’ is an Aboriginal term for fire 
management and burning vegetation (Jones, 1980). The practice of ‘cleaning country’ facilitates 
movement through the landscape, improves access to prey, and protects fire sensitive sites (Russell-
Smith et al., 1997; Yibarbuk, 1998; Yibarbuk et al., 2001). However, Roths visits are poorly 
documented and provide little specific information.  
 
Figure 4.3: Contact with Kaiadilt people on Bentinck Island in 1901. Photo from the John Oxley Library, Brisbane 
(Reynolds, 1996: 25).  
 
In 1916, McKenzie, a white man who had lived on Sweers Island, briefly settled on the south coast 
of Bentinck Island. Reports from Kaiadilt woman Roma Kelly (Dibirdibi Mambunkingathi) born in 
1917 on Bentinck Island (Kelly and Evans, 1985) and verbal history gathered by Tindale (1962b: 
305) recount a massacre on Bentinck Island in 1918. A mounted party and dogs reportedly killed 
eleven people (Kelly and Evans, 1985; Tindale, 1962b). Roma Kelly tells the story she was told by 
her parents about McKenzie: 
“At Rukuthi those dogs forced many (Kaiadilt) people into the sea” “(Women) drowned with 
children still in their bellies, or leading them by the hand.” “Some were shot high up on the sand 
hills, shot with their babes.”(Kelly and Evans, 1985: 47-52). 
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During a visit in 1937, Bleakley (1961) found “skeletons …with what appeared to be bullet holes in 
them” (in Tindale, 1962a: 269). No contemporary record of the Bentinck Island massacre exists. 
 
A Mission was established on Mornington Island, and in 1925 tried unsuccessfully to contact the 
Bentinck Islanders (Tindale, 1962a). Lardil people began working on reefs around Bentinck Island, 
collecting sea cucumbers to trade with China, and in 1927 the two groups met without hostility 
(Tindale, 1962a). It wasn’t until 1948 that the Kaiadilt people were moved to Mornington Island, 
making them the last group of coastal Aborigines in Australia to have regular contact with 
Europeans (Kelly and Evans, 1985). 
 
The ethnographer Norman Tindale (1962b) visited the Wellesley Islands and recorded extensive 
observations of the landscape and culture. He noted drought conditions throughout the region from 
September and October of 1946 (Tindale, 1962a: 269). In 1947-48 McCarthy noted “Bentinck 
Island is in an appalling condition. There is no drinkable water in the north of the island...” (in 
Tindale, 1962a: 271). Records show a strong El Niño from 1946-47 caused record low rainfall and 
drought conditions in parts of Queensland (Bureau of Meteorology, 2016b) (Figure 4.4). In June 
1947 a small group of Kaiadilt people were found without water on Allen Island, and later in the 
same year 42 people were found on Sweers Island in poor condition due to drought, with both 
groups relocated to the Mornington Island Mission (Tindale, 1962a). Dr. J. A. Spalding identified 
malnutrition, tuberculosis and dysentery in the Kaiadilt people brought to Mornington Island and 
speculated that the Bentinck Island population was rapidly declining due to tribal warfare, disease 
and malnutrition in children (Tindale, 1962a: 261). 
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Figure 4.4: El Niño event from 1946 to 1947 caused reduced rainfall to large areas of Australia (Bureau of 
Meteorology, 2016b).  
 
In 1948, a tropical cyclone moved from Groote Eylandt to Mornington Island, causing extreme tides 
to inundate all but the highest points of Bentinck Island (Tindale, 1962a: 292). Freshwater wells and 
springs were contaminated. On Mornington Island, tidal inundation reached 3.7m above the normal 
high tide mark, killing large eucalypts and in some areas changing vegetation to favour salt-tolerant 
species (Bureau of Meteorology, 2016d). Melaleuca and Pandanus growing near the edge of 
inundated areas survived (Gloe and Weller, 1949; Tindale, 1962a). Tindale (1962a) found similar 
evidence of inundation on Bentinck Island in 1960, noting up to 50% of the land was temporarily 
covered by the ocean, including areas most intensively used by Kaiadilt people (Tindale, 1962a). 
Coastal vegetation was killed with large areas of bare ground, grass and salt marsh (Tindale, 
1962a). 
 
Drought continued during 1948 with the remaining 19 people on Bentinck Island relocated by the 
missionaries to Mornington Island. The Kaiadilt people established an isolated community on 
Mornington Island near the Mission, only visiting their country briefly with Tindale in 1960 when 
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he extensively mapped place names and cultural places (Figure 4.5) (Tindale, 1962a).
 
Figure 4.5: A map of Kaiadilt place names and resources across Bentinck Island, recorded by Tindale (1962a: 297). Site 
names throughout the thesis are taken from this map. 
 
Tindale also recorded vegetation characteristics and fire events during his visits, noting tall 
Themeda grasses dominated the savanna, with sparse deciduous woodlands and relict strips of 
‘gallery forest’ present only where ground water and fertile soil were available (Tindale, 1962a). 
Regarding traditional fire practices, Tindale notes that while the Kaiadilt lived in the South 
Wellesley Islands the grasslands were fired each year: 
 “in the 12 years since their departure this burning had only happened once, about May, 1959, 
when a party of Bentinck Islanders taken across on a brief holiday visit set fire to a large area on 
the southeastern coast, thus in one area restoring a semblance to the conditions they had 
maintained for many centuries” (Tindale, 1962a: 280). 
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In 1982 the ethnographer Nicholas Evans and Paul Memmott (1982: 11) visited Sweers Island 
accompanied by three traditional owners who fired the entire island. Nicholas Evans noted: 
“I certainly observed a clear pattern of patchwork burning, preferably starting from as soon in the 
dry season as it was practicable, and avoiding some key stands of trees. The first time I went to 
Bentinck, which was in mid Sept 1982, people carried out systematic burning across the island 
(Sweers, and then Bentinck and Allen) as we moved along. They said it was later than would be 
ideal, but because there had been such a long absence of people from the island there was no 
choice. I also recorded many statements to the effect that only owners should burn off their 
country.” Nicholas Evans, 2013 pers. comm., 25th Feb. 
 
 Conclusion 
This chapter brings together archaeological records, oral histories and ethnographic data to explore 
the changing environments of the South Wellesley Islands in the late Holocene. Archaeological 
records and oral histories record Kaiadilt occupation of the South Wellesley Islands, with visitation 
in the last 3,500 cal. yr BP, permanent occupation of the archipelago in the past 1,000 cal. yr BP 
and intensified occupation in the last 700 years (Memmott et al., 2016). The archaeological records 
suggest humans did not visit the Wellesley Islands prior to 3,500 cal. yr BP, likely due to higher 
than present sea level. Oral histories record sea-level rise and the virtual isolation of the South 
Wellesley Islanders until the 1940s, despite European and Macassan exploration and the temporary 
settlement on Sweers Island. The combination of drought, a cyclone event and sickness culminated 
in Kaiadilt people being removed from the South Wellesley Islands and relocated to the Mornington 
Island Missionary. Tidal inundation from the 1948 cyclone affected the Wellesley Islands 
hydrology and vegetation, and the subsequent abandonment of the islands disrupted traditional fire 
regimes. Initial findings suggest that burning and vegetation thickening increased dramatically after 
humans were removed from the South Wellesley Islands (Moss et al., 2015). Information collated in 
this chapter is used in subsequent chapters to interpret and assess the sensitivity of 
palaeoenvironmental proxies and identify the drivers of environmental change during the late 
Holocene. Records of microscopic and macroscopic charcoal investigate past fire regimes during 
periods of human occupation and abandonment, with pollen analysis used to assess vegetation’s 
response to environmental and anthropogenic change during the late Holocene.   
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Chapter 5 
 
 
Modern surface pollen from the South Wellesley Islands: 
differentiating between sclerophyll woodland, vine thicket, 
wetland and grassland ecosystems in tropical northern Australia. 
 
 
Chapter 5 presents the first comprehensive floristic survey and modern pollen analysis from 
Bentinck Island. Results presented in this chapter support fossil pollen assemblage interpretation in 
this thesis. Chapter 5 forms the following paper, which is in preparation. 
 
 
Mackenzie L. 2016. Modern surface pollen from the South Wellesley Islands: differentiating 
between sclerophyll woodland, vine thicket, wetland and grassland ecosystems in tropical northern 
Australia 
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 Modern surface pollen from the South Wellesley 
Islands: differentiating between sclerophyll woodland, vine 
thicket, wetland and grassland ecosystems in tropical northern 
Australia 
 
Abstract 
Pollen from core tops and surface samples were analysed from distinct savanna communities to 
examine the relationship between pollen rain and extant vegetation in tropical northern Australia. 
Fifty-one pollen types were identified across fifteen sites, including sclerophyll woodland, vine 
thicket, wetland, mangrove and grassland communities. Cluster analysis and detrended 
correspondence analysis of palynological results differentiated between vegetation communities, 
showing modern surface pollen assemblages can identify vegetation communities of tropical 
northern Australia. Results from the cluster analysis highlights the relationship between vegetation 
communities, separating the modern pollen assemblages into three groups. Sclerophyll woodland, 
wetland and grassland sites are grouped together, due to the presence of common species across 
vegetation communities including Eucalyptus, Melaleuca and Poaceae. Grassland and vine thicket 
communities are grouped together, reflecting the allochthonous pollen deposition of the surrounding 
grassland taxa within the isolated vine thicket patches. Wetland sites are separated from other 
communities by the presence of Pandanus and freshwater aquatic taxa including Typha and 
Cyperaceae. The first axis of the DCA (eigenvalue 0.567) represents a moisture gradient and 
increasing salinity, with the second axis (eigenvalue 0.37) possibly reflecting the soil type, 
separating sclerophyll woodland taxa, grassland, and vine thicket sites.  
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 Introduction 
Modern pollen analysis from surface sediments, core tops and pollen traps provides crucial 
contextual information for the interpretation of fossil pollen assemblages. Many factors can affect 
the relationship between current vegetation and modern pollen rain in the tropics including the 
diversity of taxa, limited pollen production and entomophilous dispersal (Bush, 1995; Flenley, 
1973). In northern Australia studies examining the relationship between vegetation and pollen 
spectra are limited to the Atherton Tableland region (Kershaw and Bulman, 1994; Kershaw and 
Strickland, 1990), northeast coastal lowlands (Crowley et al., 1994; Moss et al., 2005), Torres 
Straits (Rowe, 2012) and the eastern Kimberley region (Proske et al., 2014b) (Figure 5.1).
 
Figure 5.1: Map of modern pollen sites discussed in text (circles) including King River (Proske et al., 2014b), Mua, 
Badu and Zurath (Rowe, 2012), Princess Charlotte Bay (Grindrod, 1985), Mt Lewis (Kershaw and Strickland, 1990), 
Mutchero Inlet, Wyvuri Swamp, Hinchinbrook Channel and Cleveland (Crowley et al., 1994), and Missionary Bay 
(Grindrod and Rhodes, 1984). This study from Bentinck Island is also highlighted (star). 
 
The Atherton Tablelands is the focus of numerous palaeoenvironmental studies, with modern pollen 
analysis identifying the limited dispersal and variable pollen production of rainforest taxa (Kershaw 
and Strickland, 1990). Pollen from sclerophyll taxa in the region was found within rainforest 
assemblages, highlighting the long-distance distribution of dominant regional species within 
discreet rainforest patches (Kershaw and Bulman, 1994; Kershaw and Strickland, 1990). A study 
from the Torres Strait showed modern pollen assemblages could successfully differentiate between 
tropical lowland vegetation groups in northern Australia (Rowe, 2012). However, as found within 
the rainforest, regional taxa can dominate the modern pollen rain and make differentiating between 
local vegetation communities difficult in coastal and lowland environments (Crowley et al., 1994; 
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Proske et al., 2014b). Work on mangrove communities is relatively comprehensive in northern 
Australia, with studies identifying key taxa and taxa with pollen that has limited dispersal (Chappell 
and Grindrod, 1985; Clark and Guppy, 1988; Crowley et al., 1994; Grindrod, 1985, 1988; Grindrod 
and Rhodes, 1984; Proske et al., 2014b; Rowe, 2012). However, these communities are restricted to 
coastal environments, and terrestrial taxa are often obscured by mangroves dominating the pollen 
assemblages, limiting information about the surrounding dryland communities.  
 
This study presents modern pollen analysis from 15 surface samples across a range of vegetation 
communities in the South Wellesley Islands. Results are compared with the first comprehensive 
vegetation surveys of the islands (see Appendix I). This paper aims to test whether pollen rain can 
accurately identify lowland vegetation communities including sclerophyll woodlands, grasslands, 
semi-deciduous monsoon vine thicket (shortened to ‘vine thicket’ in text), wetlands, and mangrove 
communities. This research will aid regional palynological interpretations of past environments by 
focusing on vegetation communities that are widespread across tropical northern Australia. 
 
 Study region and methodology 
5.2.1 Study region 
This study collected surface samples and vegetation data from Bentinck, Sweers and Albinia Islands 
in the southern Gulf of Carpentaria, tropical northern Australia. The South Wellesley Islands are an 
ideal location to investigate the relationship between vegetation communities and modern pollen 
rain as they are relatively undisturbed by European presence and support remnant vegetation 
communities common throughout the Gulf bioregion.  
 
The seasonally variable climate of the region reflects a seasonal alteration between the Australian 
Summer Monsoon, and the winter dominance of the southeast trade winds. The majority of annual 
rainfall and predominantly northwesterly airflow characterises the wet season, while the dry season 
is marked by dry conditions and strong southeasterly winds from April to October. Annual rainfall 
is highly variable, ranging from 600-2400mm per annum, with a mean summer temperature of 33˚C 
and a mean minimum of 16˚C in July (Bureau of Meteorology, 2016a).  
 
5.2.2 Field methodology 
A total of 29 modern pollen samples were collected from Bentinck, Sweers and Albinia Island. Of 
the 29 samples, 25 were from surface sediments and four from wetland core tops. For surface 
samples, approximately 100g of sediment was collected from the top 1cm of soil within a 20x20m 
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vegetation quadrat (Appendix II). All plants were recorded within each quadrat, and the 
circumference of arboreal species trunks measured. The canopy cover, canopy height and ground 
cover were also recorded at each site (see Appendix III). The vegetation communities included 
sclerophyll woodlands (with Corymbia and Eucalyptus woodlands and Melaleuca woodland 
discussed separately below), grasslands, vine thicket, wetlands and mangrove communities (Table 
5.1).  
 
Table 5.1: Vegetation communities, their structure and dominant taxa in the South Wellesley Islands. 
Vegetation 
community 
Structure Dominant taxa 
Corymbia and 
Eucalyptus 
woodland 
Tall canopy (>10m), sparse 
sub canopy and limited or no 
ground cover. 
Corymbia bella, C. pocillum, C. grandifolia and Eucalyptus 
pruinosa. Secondary taxa include Acacia, Canarium, 
Pandanus spiralis, Wrightia saligna and Petalostigma sp. 
Passiflora foetida vine is present. Ground cover includes 
Fabaceae, Scaevola glabrata and Poaceae taxa including 
Setaria, Eriachne, Aristida and Dichanthium spp. 
Melaleuca 
woodland 
Sparse canopy (5-10m), 
minimum shrub layer. 
Moderately dense ground 
cover <1m.  
Melaleuca viridiflora and M. stenostachya with E. pruinosa, 
Petalostigma banksii, Terminalia canescens. The vine P. 
foetida and Cassytha filiformis were present. Groundcover 
including Fabaceae, Proteaceae and Acacia spp. Poaceae is 
predominantly Chrysopogon spp.  
Grassland and 
open woodland 
Grass dominates the 
groundcover, reaching 2m in 
height. Scattered trees may 
be present. 
Grass species include Heteropogon, Chrysopogon, Triodia, 
Microstachys, Aristida, Enneapogon, Sporobolus, Panicum, 
and Xerochloa. Cyperaceae species include Cyperus and 
Fimbristylis. Common groundcover includes Gomphrena 
canescens, Grewia retusifolia, Trichodesma zeylanicum, 
Tecticornia, Euphorbiaceae and Fabaceae spp. Vines present 
include the coastal vine Ipomoea pes-caprae and Tinospora 
smilacina. Scattered trees include Ficus opposita, 
Clerodendrum floribundum, Dolichandrone heterophylla, 
Premna acuminata, Canarium australianum 
Semi-deciduous 
monsoon vine 
thicket (referred to 
as vine thicket in 
text) 
Closed, semi-deciduous 
canopy >5m with emergent 
trees present. Mid and 
understorey are absent with 
vines present. Groundcover 
of deciduous leaves.  
Small, isolated patches with diverse communities with canopy 
taxa including Diospyros humilis, Mallotus, Celtis and Acacia. 
Vines include Capparis, Tinospora, Passiflora and Jasminum. 
Vine thicket patches found within open grassland.  
Wetlands Variable canopy cover 
dependant on moisture 
availability. Permanent and 
semi-permanent swamps to 
areas with poor drainage that 
are seasonally inundated. 
Melaleuca is often the dominant canopy taxa, with Pandanus 
spiralis and Timonius timon present. Poaceae and the aquatics 
Cyperaceae and Typhaceae are common. Other aquatics 
include Nymphaea, Caldesia, Myriophyllum and Restionaceae.  
Mangroves Variable canopy cover 
depending on species present. 
Tidal, intertidal and 
supratidal vegetation 
communities are present.  
Tidal and intertidal species includes Avicennia marina, 
Aegiceras corniculatum and Batis sp. Supratidal species 
include Bruguiera, Rhizophoraceae and Ceriops, with 
environments ranging from near coastal environments to 
supratidal clay pans. Supratidal sites are diverse, and include 
Ceriops/Bruguiera, A. corniculatum, A. marina, Excoecaria, 
Acanthus, Plumbaginaceae and Lumnitzera. 
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5.2.3 Pollen analysis 
Sediments were processed for pollen analysis following the methodology outlined by Moss (2013). 
Approximately 5g of sediment was disaggregated and sieved before separating the sample using 
Heavy Liquid (sg 1.9). Acetolysis removed the remaining organic material, with samples stored in 
glycerol. Palynological samples were mounted on slides and 200 grains counted when possible at 
400x magnification. Pollen identification used reference publications (Mao et al., 2012; 
Thanikaimoni, 1987) and the online regional reference collection available at apsa.anu.edu.au. 
Myrtaceous pollen was divided into Melaleuca and Eucalyptus following the morphological 
variations outlined in Rowe (2012). Melaleuca grains had a well-developed parasyncolpate island, 
angled colpi, straight to concave sides and were smaller in size (pollen length <15 µm). Eucalyptus 
grains had convex or straight sides, were larger in size and the island was absent. Pollen which did 
not meet the criteria were recorded as ‘Myrtaceae undiff.’ 
 
Pollen taxa were separated into a priori defined ecological communities including mangroves 
(represented by Avicennia marina, Rhizophora stylosa and Ceriops/Bruguiera), wetlands 
(Pandanus spp, Cyperaceae, Typha and other aquatic taxa), woodland and grassland (Myrtaceae, 
Dodoneae spp Casuarinaceae and Euphorbia spp), vine thicket (Mallotus spp, Celtis spp and 
Ebenaceae), Chenopodiaceae (representing saltmarsh environments) and Poaceae (representing 
grasslands). Each site’s location and pollen group results are presented against a map of the South 
Wellesley Islands vegetation distribution (Figure 2). 
 
5.2.4 Statistical analysis 
Pollen counts are expressed as a percent of the total pollen sum and include aquatic taxa due to low 
pollen preservation. Pollen taxa that were represented by a single grain were considered to be rare 
and excluded from the pollen sums. Pollen data is graphically presented using Tilia (v.2.0.2) 
(Grimm, 2004). Rare taxa and pollen types contributing ≤1% of the pollen sum are included as a 
black circle to indicate presence in the pollen diagram.  
 
Cluster analysis (CA) used the unconstrained sum of squares cluster analysis (CONISS) to compare 
site variability and determine pollen assemblages (Grimm, 1987). Rare types (<2%) were removed 
and data square root transformed using Edwards and Cavalli-Sforza's chord distance. Data are 
analysed in Tilia (Grimm, 2004) with the results presented in Figure 3. Detrended correspondence 
analysis (DCA) was used to tease out trends in the data and identified possible environmental 
drivers of pollen distribution and relationships between sites assemblages.  
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 Results 
5.3.1 Pollen analysis 
Of the 29 samples collected, 15 contained sufficient pollen for analysis. 14 of the 25 surface 
sediment samples had insufficient pollen due to vegetation producing limited pollen, poor organic 
preservation in soils and coarse sandy sediments in coastal environments. Pollen was grouped into 
the broad ecological units described above, and presented in Figure 5.2. 
 
Figure 5.2: Palynological assemblages from surface sediments and core tops, and broad vegetation map of the South 
Wellesley Islands.  
 
Vegetation at sites 1-5 was described as sclerophyll woodland, often with a grassy understorey 
present. The pollen analysis showed that woodland/grassland taxa clearly dominated, with varying 
amounts of Poaceae across sites. Samples 6-8 were characterised by open grassland taxa, with 
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scattered trees present. Sites 9-14 were collected from freshwater areas, and combined samples 
from core tops (samples: 9-12) with surface sediment samples adjacent to wetlands (samples: 13-
14). Sample 15 was collected from an isolated patch of vine thicket within an open grassland matrix 
on Sweers Island. This was the only vine thicket site with sufficient pollen for analysis from the five 
sampled.  
 
Pollen assemblages from all samples are presented in Figure 5.3, with Corymbia, Eucalyptus and 
Melaleuca woodland grouped within ‘Sclerophyll Woodland’ due to common taxa. Grains were 
identified to genus or family level, with an indeterminate pollen type present in sample 6. The 
pollen concentration and total pollen counts are included in Figure 5.3 and show varying pollen 
preservation between sites.  
 
Sclerophyll Woodland: The pollen assemblages from the five surface samples collected from 
sclerophyll woodland sites were dominated by Myrtaceous taxa, and included types found fringing 
vine thickets and scattered throughout open grasslands. Samples 1-3 were dominated by Eucalyptus 
(up to 55%). Samples 4 and 5 had a high percentage of Melaleuca pollen (57 and 60% 
respectively), however only Sample 5 recorded Melaleuca in the vegetation quadrat. Poaceae values 
varied, contributing between 5-40% of the pollen sum in the sclerophyll woodland pollen 
assemblages.  
 
Grassland: Samples 6-8 represented grassland communities, with the pollen sums dominated by 
Poaceae (30-50%). Pollen from Gomphrena was abundant in Sample 6 (40%), while Sample 8 was 
from a site close to an ephemeral wetland which contributed low values of Melaleuca (12%) and the 
aquatic Caldesia (11%). Low values of Chenopodiaceae (up to 7% at Site 8) were present at all 
grassland sites. Scattered trees within the grassland were present in the pollen record and included 
Eucalyptus, Melaleuca, Bombax, Acacia and Euphorbiaceae types. 
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Figure 5.3: Modern pollen assemblage from all sites, with pollen expressed as a percent of the total pollen sum. Samples with >1% are identified as black circles in the pollen 
diagram. 
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Wetlands: Wetlands across the South Wellesley Islands ranged from ephemeral swamps, permanent 
freshwater wetlands and areas with poor drainage which flooded seasonally. Canopy vegetation 
surrounding permanent wetlands was often exclusively Melaleuca, seen in the pollen records from 
Samples 12-14 (5-70%). Sample 10 and 11 had high values of Chenopodiaceae present (39 and 
38% respectively) suggesting they were growing on site, or in the local area. The ephemeral 
wetland near Sample 10 was surrounded by open grassland and scattered Pandanus (25%), with a 
saltmarsh and mangrove fringe within 500m of the wetlands margin. While Chenopodiaceae was 
reflected in the modern pollen assemblage, the combined mangrove contribution was <1%. Trace 
levels of mangrove taxa were present in the pollen assemblages at all wetland sites. Pandanus (2.5-
25%) was present at all wetlands sampled, with either Cyperaceae or Typha the dominant aquatic 
taxa.  
 
Vine thicket: One of the five sites sampled contained sufficient pollen (pollen count = 149) for 
analysis. The pollen taxa identified in Sample 15 were significantly different from other vegetation 
communities and included Mallotus (2%), Celtis (4%) and Ebenaceae spp. (5%). Combretaceae spp 
(10.5%) was present in the vine thicket assemblage as well as Euphorbiaceous spp. (39.5%) and 
Euphorbia Type 2 (45%). The Euphorbiaceous spp. were initially grouped into sclerophyll 
woodlands, as Euphorbia mitchelliana was found to be a common component of grasslands and 
open woodlands. However, it is likely a key indicator of vine thicket due to its abundance in the 
pollen assemblage in Sample 15; however despite only Mallotus nesophilus being recorded at the 
site. Verbenaceae (6%) only appeared in Sample 15, however it was not recorded in the vegetation 
survey and may be extra local or regional. The sclerophyll woodland/grassland taxa surrounding the 
discreet vine thicket patch were present in the pollen assemblage and included low values of 
Myrtaceous types (combined 6%) and Poaceae (17%).  
 
5.3.2 Statistical analysis 
The CA results are presented in Figure 5.4, with the horizontal axis showing the distance between 
clusters. The results show three major clusters which reflect the broad ecological units. The first 
group (a) included the sclerophyll woodland (1-5) sites, the wetland Sample 13 and grassland 
Sample 8. Samples 4, 5 and 13 were dominated by Melaleuca pollen. Group b included the 
grassland Sample 6 and 7 and the vine thicket Site 15. The final group (c) included wetland 
Samples 9-12, and 14. Wetland Samples 9-11 were surrounded by open sclerophyll and grasslands 
while the tightly grouped Sites 12 and 14 were spatially close, sampled from a coastal wetland 
chain dominated by the aquatic Typha.  
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Figure 5.4: Cluster analysis of all sites pollen counts. Three groups are identified (a, b and c). 
 
A DCA of modern pollen assemblages identified the environmental groups observed in the field. 
Ordination results from each site are shown in Figure 5.5, with the first axis (eigenvalue 0.567) 
contrasting dryland taxa against wetland types that were restricted to freshwater, brackish and 
marine environments. Aquatic taxa (Caldesia, Myriophyllum, Typha and Cyperaceae), mangrove 
species (A. marina, R. stylosa and Ceriops/Bruguiera) and wetland indicators (Pandanus) are 
closely grouped with Chenopodiaceae which are salt tolerant. The dryland taxa included sclerophyll 
taxa (Myrtaceous types, Petalostigma, Acacia and Dodoneae) and the open woodland associates 
Heliotropium. Ordination in axis 1 likely represents a moisture gradient from dry to wet sites with 
increasing salinity. 
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Figure 5.5: Detrended correspondence analysis biplots of axes 1 and 2, including (a) Pollen taxa scores with rare types 
removed, and (b) Site scores.  
Axis 2 (eigenvalue 0.37) separates sclerophyll woodland, grassland, and vine thicket sites. Key 
determinates of axis 2 include the vine thicket species (Celtis, Mallotus, Ebenaceae and 
Combretaceae) the open sclerophyll woodland taxa (Heliotropium and Dodoneae). Unlike axis 1 the 
environmental driver of axis 2 is unclear. Axis 2 may represent soil type, however further research 
is needed.  
 
 Discussion 
 Modern pollen rain and vegetation communities across the South Wellesley Islands 
Pollen assemblages are affected by deterioration, leading to biased preservation and inaccuracy in 
palaeoenvironmental reconstructions (Hall, 1981). Damaged pollen grains were observed in all 
surface sediments, suggesting the modern pollen rain was altered by post-depositional processes. 
Additionally, some pollen grains were more susceptible to deterioration (differential preservation), 
reflected in the variable pollen concentration seen across different ecosystems sampled in the South 
Wellesley Islands. Poor preservation limited the scope of this study, with mangrove and vine thicket 
sediment samples containing insufficient pollen. This issue is noted in the Torres Strait, where low 
pollen preservation in oxidative surface soils contrasts with good preservation in wet anoxic 
sediments (Rowe, 2012). 
 
 65 
 
Modern pollen assemblages identified taxa which were under- and over-abundant within vegetation 
communities. Results showed sclerophyll woodland pollen profiles were dominated by their canopy 
and sub-canopy taxa. Differentiating between Melaleuca and Eucalyptus canopies was successful at 
4 of the 5 sites. However, at site 5 the dominant pollen taxa (Melaleuca) did not reflect the canopy 
identified (Corymbia bella) suggesting caution is needed when distinguishing between myrtaceous 
pollen types. It is possible that at Site 4 the dominant canopy tree Corymbia bella was misidentified 
in the pollen record as Melaleuca due to its small size, concave sides and well developed 
parasyncolpate island (see: apsa.anu.edu.au). Previous work on Myrtaceae suggest accurate 
identification of fossil pollen increased when only a small number of extant species were present 
(Thornhill, 2010). While Eucalyptus pollen types are difficult to accurately identify, studies found 
differentiating between Myrtaceae genera including Melaleuca and Corymbia more reliable (Pickett 
and Newsome, 1997; Thornhill, 2010). Other arboreal taxa were present, including low values of 
Pandanus, Dodoneae, Acacia, Petalostigma and Casuarinaceae. The presence of sub-canopy 
arboreal taxa, herbs and vines suggests the taxa occurred locally, as found in sclerophyll woodland 
sites in the Torres Strait (Rowe, 2012). Analysis of the sclerophyll woodlands suggested only large 
canopy changes in floristic composition were recorded in the modern pollen rain. 
 
Poaceae was present in the five sclerophyll woodland samples, but the increased presence of grasses 
did not correspond with vegetation openness observed in surveys. Interpreting grass in tropical 
ecosystems is complicated by multiple factors affecting its abundance and distribution, including 
fire events, local hydrology, edaphic conditions and anthropogenic activity (Bush, 2002; Rowe, 
2012). Abundant Poaceae may indicate arid and open environments, however grasses were found in 
most vegetation communities across the South Wellesley Islands including the edges of vine thicket 
patches, wetland fringes and coastal dunes. Human disturbance can be identified in 
palaeoenvironmental records by an abrupt increase in Poaceae pollen and charcoal, as fire clears the 
understorey and allows grasses to grow (Bush, 2002). However, in tropical settings the proportion 
of Poaceae in a pollen record may only increase between 5-10%, masking the relationship between 
fire and Poaceae (Bush, 2002; Bush et al., 1992; Rowe, 2012).  
 
Grassland was identified by high values of Poaceae (>30% for all sites) and an increased diversity 
of herbs (Gomphrena and Euphorbiaceae types). However, some sclerophyll woodland samples 
also recorded high values of Poaceae (up to 40%), the low values of Myrtaceous taxa present in 
grassland sites differentiated between the ecosystems. Inland and coastal grasslands were surveyed 
for this analysis, but the pollen records showed little differentiation in the pollen rain between sites 
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suggesting many vegetation types were under-represented. Poaceae is wind pollinated 
(anemophilous), producing abundant pollen compared to taxa which are insect-pollinated 
(entomophilous) (Bush, 2002). In grassland communities, Poaceae is likely over-represented due to 
the limited pollen production and dispersal of entomophilous species. Identifying between grassland 
communities (coastal and inland) was therefore difficult and the pollen rain provides little site-
specific information.  
 
Wetlands across the South Wellesley Islands recorded varying levels of Poaceae (5-40%), 
comparable to values seen in the sclerophyll woodland sites. However, the presence of Pandanus, 
Melaleuca, and the aquatics Cyperaceae, Typha and Caldesia distinguished wetlands from other 
vegetation communities. Work from the northeast Australian coastal lowlands found Pandanus 
pollen dispersed over a large area, but when locally present it dominated the pollen assemblages 
(Crowley et al., 1994). Results from this study recorded Pandanus growing within 30 m of all 
wetland sites, contributing between 2.5-25% of the pollen sum, depending on its proximity to the 
surface sediment collected. In the Torres Strait Pandanus was the key indicator of coastal swamps, 
although they also indicated coastal woodland communities (Rowe, 2012). Cyperaceae dominated 
two of the six wetland sites in this study, and may indicate ephemeral bodies of water, while Typha 
values were high in sites dominated by Melaleuca and may indicate more permanent bodies of 
water. Caldesia and Nymphaea were present in wetlands on cracking clays in the islands interior. It 
is likely that the aquatic taxa present were determined by a range of factors including water 
permanency, water quality (fresh/brackish) and underlying edaphic features in the South Wellesley 
Islands. A range of back mangrove types (Avicennia marina, Rhizophora stylosa, 
Ceriops/Bruguiera) were also present in the wetland pollen assemblages, reflecting the mixed 
coastal communities that surrounded many of the wetlands in the South Wellesley Islands. 
 
Chenopodiaceae values peaked in wetland sites, either indicating extra local communities with 
allochthonous pollen deposition, or the presence of local communities on saline mudflats fringing 
wetlands. Surface samples from near-coastal sites in the Kimberley found when 
Chenopodiaceae/Amaranthaceae contributed >10% to the total pollen sum the taxa were located 
within approximately 10m of the site (Proske et al., 2014b). Chenopodiaceae are generally either 
anemophilous or self-pollinated, more rarely they are insect pollinated (Blackwell and Powell, 
1981; Knuth, 1909). Work from northern New South Wales found Chenopodiaceae are 
overrepresented in pollen assemblages, with the dominant westerly winds during flowering season 
accounting for their long distance dispersal (Dodson, 1983). The modern pollen rain from the South 
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Wellesley Islands suggests Chenopodiaceae pollen was transported long distances from the saline 
mudflats by the dry season’s dominant southeasterly winds, rather than occurring locally at wetland 
sites. 
 
Deciduous monsoon vine thicket was present across the South Wellesley Islands in discreet patches 
on organic rich sandy sediments. Vegetation patches were primarily found behind sand dunes, 
protected from the southeasterly winds and dry-season fires. Monsoon vine thicket distribution on 
Groote Eylandt was similarly restricted to areas protected from fire on the south-east facing 
boundary by sand dunes (Shulmeister, 1994). As vine thicket is fire sensitive it is of interest when 
reconstructing past fire regimes in tropical northern Australia. However, the discreet patches and 
presence of insect pollinated taxa reduce the dispersal distance of vine thicket species, causing the 
community to be underrepresented in the pollen assemblage in sample 15. At the vine thicket site, 
there was a disparity between plants present in the vegetation surveys and those in the pollen rain. 
Celtis comprised 50% of the canopy and 2.5% of the pollen rain, while Combretaceae was absent in 
the vegetation survey, yet contributed 10% of the pollen sum. Under-representation of vegetation 
types in rainforest communities was observed by Rowe (2012) in the Torres Strait and Burn et al. 
(2010) in the Amazon. The presence of vine thicket taxa within the pollen assemblage therefore 
provides significant ecological information when interpreting local vegetation communities (Burn et 
al., 2010; Rowe, 2012). 
 
Results from the vine thicket pollen assemblage showed increased diversity and the presence of 
regional pollen from the sclerophyll and grassland matrix. Pollen types unique to the vine thicket 
included Mallotus, Celtis, Ebenaceae and Verbenaceae. These taxa only contributed low values to 
the total pollen sum, but they were key indicators of the vine thickets presence. Euphorbia Type 1 
(40%) and Type 2 (50%) likely included species specific to vine thickets and grassland/open 
woodland communities. Euphorbiaceae types were over-represented in the vine thicket pollen 
assemblage, yet only Mallotus nesophilus was recorded in the vegetation survey. Despite 
Euphorbiaceae being identified to genus level in the surface assemblages (Euphorbia, Mallotus and 
Petalostigma spp), the various species were present across a range of vegetation communities, and 
it is unclear if one or more species was represented within the pollen assemblage. The DCA shows 
Euphorbia Type 2 clustered with vine thicket taxa, suggesting it was closely associated with this 
vegetation community, while Euphorbia Type 1 and undifferentiated Euphorbiaceae were more 
closely related to the open woodland taxa Bombax spp, Poaceae, Loranthaceae and Buchanania spp. 
The presence of Euphorbiaceae across a wide range of habitats was also noted in the Groote Eylandt 
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fossil pollen record (Shulmeister, 1992). In this chapter the analysis of modern pollen from vine 
thicket communities relied on one sample due to the poor preservation of pollen in the dense leaf 
litter and sandy sediment. This has limited the ability of pollen assemblages to discriminate among 
vegetation types in this study, and needs to be addressed by further modern pollen rain research in 
tropical northern Australia.  
 
 
5.5.1 Pollen assemblages differentiating between ecosystems 
Comparing modern pollen assemblages and vegetation communities using CA and DCA found 
ecosystems could be distinguished from each other, despite allochthonous pollen deposition and 
poor dispersal of some vegetation types. Despite the overlap of species between sclerophyll 
woodlands and grasslands, the communities were clearly separated by the DCA by canopy taxa. 
Although Poaceae was often present in sclerophyll woodlands, the DCA showed it was associated 
with grassland sites, indicating that Poaceae can differentiate between ecosystems in tropical 
northern Queensland despite fire, hydrology and edaphic features also affecting its abundance.  
 
Sample 13 was collected from the Melaleuca woodland adjacent to a freshwater wetland. This site 
was classified as a wetland due to its seasonal inundation in the wet season and moist soil. 
However, the pollen record, CA and DCA indicated that this site was most similar to the sclerophyll 
woodland assemblages due to its Melaleuca canopy and diverse understorey. This suggests that 
there is a discernible difference between wetland assemblages and communities that are seasonally 
inundated, although further analysis is needed to test this theory. Samples 13 and 14 were from 
surface sediments collected next to wetlands, while samples 9-12 were taken from core tops within 
wetlands. Samples collected from core tops were included in the modern pollen study due to the 
lack of pollen preservation within surface sediments. This is not ideal as the depositional 
environments are significantly different. However, the CA and DCA analysis showed surface 
sample 14 was similar to the pollen assemblages from core tops (samples 9-12), suggesting that the 
samples can be grouped.  
 
The CA placed Sample 3 (sclerophyll woodland) and Sample 8 (grassland with scattered emergent 
trees) together, highlighting the overlap in species between the vegetation groups. However, the 
DCA was able to separate these sites and accurately identify the vegetation groups from the modern 
pollen rain. The vine thicket Sample 15 as grouped by the CA with grassland communities, 
reflecting their location within an open grassland/woodland matrix. The pollen rain from Sample 15 
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incorporated extra-regional sclerophyll woodland and grassland taxa, due to the long range wind 
dispersal of the species. However, the assemblage included several unique taxa with low levels of 
contribution to the pollen sum, differentiating it from other vegetation groups in the DCA and 
pollen record.  
 
 Conclusion 
This paper presents the first study of modern pollen assemblages from the South Wellesley Islands 
and the wider Gulf region of tropical northern Australian. Results show that CA and DCA can 
accurately discriminate between vegetation communities common across the region based on their 
pollen spectra. Understanding the relationship between pollen rain and modern vegetation is an 
important step in improving reconstructions of past environments. The results from this chapter will 
aid the interpretation of fossil pollen assemblages presented in Chapter 8 of this thesis, and studies 
from the wider tropical northern Australia region. 
 
This chapter extends previous research by Rowe (2012) and Proske et al. (2014b) by focusing on 
vegetation communities found in the Gulf region, including sclerophyll woodlands, grasslands, 
wetlands, and vine thicket communities. This study was limited by poor preservation of pollen in 
the dry sandy sediments characteristic of the South Wellesley Islands. Of the 25 samples collected, 
only 15 contained sufficient pollen counts for analysis. The small number of samples distorts the 
ability of modern assemblages to discriminate between vegetation types. Pollen was often degraded 
or absent in the oxidised surface samples, with differential preservation and degradation possibly 
biasing pollen assemblages. Future work should incorporate pollen traps to overcome the 
limitations of pollen preservation found in surface sediments throughout the tropical region.  
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Chapter 6 
 
Chronostratigraphic and lithostratigraphic investigation of coastal 
wetlands on the south east coast of Bentinck Island. 
 
 
Chapter 6 presents radioisotope analysis, sediment characteristics and µXRF results from six cores 
on the southeast coast of Bentinck Island. Stratigraphic, lead-210 and radiocarbon analysis of 
MARR04 presented in this chapter was included in the following publication 
 
Moss P, Mackenzie L, Ulm S, Sloss C, Rosendahl D, Petherick L, Steinberger L, Wallis L, Heijnis 
H, Petchey F, Jacobsen G. 2015. Environmental context for late Holocene human occupation of the 
South Wellesley Archipelago, Gulf of Carpentaria, northern Australia. Quaternary International 
385: 136-144. 
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 Chronostratigraphic and lithostratigraphic investigation 
of coastal wetlands on the south east coast of Bentinck Island 
 Introduction 
This chapter presents the chronostratigraphic and lithostratigraphic results from a series of wetlands 
and mangrove communities on the southeast coast of Bentinck Island. The southeast coast of 
Bentinck Island was densely populated by Kaiadilt, with fresh water and organic material collecting 
in a series of swales, and behind cheniers, parallel to the coast. Wetlands are scarce across the South 
Wellesley Islands and are often associated with ephemeral soaks, groundwater or springs found 
along beaches. Inland swamps are uncommon and ephemeral, with deep cracking clays disturbing 
chronological records and containing little organic material. The Marralda Wetlands are the most 
extensive freshwater resources in the South Wellesley Islands, and currently provide water to the 
small settlement at Nyilnyiki. The mangrove forest at Kerekiar is situated nearby a tidal river, 
which drains a supratidal clay pan. These sites provided important resources for the Kaiadilt people 
in the past, evidenced by large shell middens along the southeast coast and other artefacts.  
 
This chapter presents results from 6 sites sampled in an east-west transect from the fresh and 
brackish Marralda Wetlands to the supratidal Kerekiar mangrove forests (Figure 6.1). The aim of 
this chapter is to investigate the timing and phases of wetland development on the southeast coast. 
Additionally, this chapter tests the ability of geochemical analysis to identify common stratigraphic 
units and environmental transitions in palustrine environments. The ITRAX micro-X-ray 
florescence (µXRF) core scanner produced geochemical records of all cores at the Australian 
Nuclear Science and Technology Organisation (ANSTO). Radiocarbon (14C) and lead-210 (210Pb) 
radioisotope analysis dated common stratigraphic units across the wetlands, with continuous 
particle size analysis supporting geochemical results and providing information on site formation. 
Results from this chapter identify the most appropriate stratigraphic sequence for further analysis, 
discounting cores with age reversals and disturbed sediments. 
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Figure 6.1: Map of Kerekiar sites in relation to the Marralda Wetlands.  
 
 Site description 
6.2.1 Kerekiar 
Kerekiar is a dense mangrove forest (17.09937 S; 139.52626 E, 4m above pmsl), surrounding a 
raised chenier deposit and covered by a shallow midden (Figure 6.1). The mangrove stand is 
predominantly a monoculture of Bruguiera exaristata, with a range of mangrove types at the fringes 
including Exocarpos latifolius, Rhizophora stylosa, Avicennia marina, Ceriops tagal and 
Lumnitzera racemose (Figure 6.2). Vine thicket species are found in the mangrove fringe and on the 
chenier where they are protected from fire. The area is approximately 300 m from the coast, and the 
site is supratidal. A tidal tributary drains monsoon rains to the coast, providing freshwater to the site 
in the wet season. Kerekiar was likely part of the relict drainage system that extends through the 
Marralda Wetlands, becoming separated by the chenier deposit.  
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A series of cores were collected in a north-south transect through the mangrove forest at Kerekiar. 
Similar sedimentary profiles were found across the site and the longest cores (Ker-01a, -01b and -
02) were selected for further analysis. Ker-01a and -01b were collected side by side with a D-
section corer to a depth of 2m. Ker-01a was subsampled for pollen, microscopic charcoal, loss on 
ignition and three bulk sediment 14C dates. Ker-01b was scanned using ITRAX, and a basal 14C date 
to verify lithostratigraphic units between cores. Ker-02 was collected from the opposite side of the 
chenier, with a basal 14C date comparing the stratigraphic units.  
 
Figure 6.2: Site photo of mangrove forest at Kerekiar dominated primarily by Bruguiera.  
 
6.2.1 Marralda Wetlands 
The Marralda Wetlands are a series of interconnected freshwater swamps in the swales of a coastal 
dune field (Figure 6.3). The low dune system is 1-3m pmsl, extending a further 500m inland and 
reaching an elevation of 7 m above pmsl. The channels are interconnected, joining a tributary 
adjacent to Kerekiar in the west and a mudflat to the east. A series of prograding coastal dunes 
separate the wetlands from the modern coastline by 200m. This chapter focuses primarily on the 
stratigraphy and elemental data from MARR01, 02, 03 and 04. Geochemical and particle size 
analysis of MARR04 are further discussed in Chapter 7, and the palynological and charcoal results 
in Chapter 8. All four records are included here to identify common stratigraphic units and provide 
information on swamp development on the southeast coast of Bentinck Island.  
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Figure 6.3: Marralda Wetland sites (circles) and archaeological excavations (stars) discussed in this chapter.  
 
MARR01, MARR02, MARR03 and MARR04 were collected in July 2012 (Figure 6.4), while a 
core adjacent to MARR02 was collected in 2010 for preliminary pollen analysis conducted by Dr 
Patrick Moss (Moss et al., 2015). The MARR01 (17.09570247, 139.5510099; 50cm in depth) core 
was collected from a stand of mangroves located at the eastern edge of the swamp with very little 
surface water. MARR02 (17.09665046; 139.5459415; 80cm in depth) and MARR03 (17.09618, 
139.54637; 50cm in depth) cores were collected from an area with 50cm of standing water. At 
MARR02 Rhizophora stylosa and Avicennia marina are present on the coastal margin of the 
swamp. Melaleuca and Pandanus fringe other sites, with Typha growing across the wetlands. The 
MARR04 core (17.0963643, 139.542658; 47cm in depth and 50cm of water depth) was taken 
further inland from a separate wetland, with the site surrounded by similar vegetation to MARR03. 
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Figure 6.4: Site photos of the Marralda Wetlands (MARR01-04). 
 
 Methodology 
The methodology presented here covers techniques used in this chapter including radioisotope, 
sediment and µXRF analysis.  
 
6.3.1 Radioisotope analysis 
Robust age/depth chronologies are required to compare archaeological and palaeoecological 
records, identify periods of depopulation and fire events in the mid-20th Century and quantify rates 
of environmental change. Lead-210 (210Pb) analysis dates the last 150 years, with plutonium-
239/240 (239/240Pu) used to validate ages. Radiocarbon dating of the lithostratigraphic zones and 
core bases allows inter-site comparison.  
  
Lead-210  
The naturally occurring radioisotope 210Pb dates the top 20cm of MARR02 and MARR04, 
following the methodology of Harrison et al. (2003) and using alpha spectrometry at ANSTO. Two 
grams of dried sediment were spiked with 209Po and 133Ba yield tracers then leached, releasing 
polonium and radium. Total 210Pb is assumed to be in secular equilibrium with the 210Po activity and 
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the supported 210Pb to 226Ra activity. Unsupported 210Pb was calculated by subtracting the 226Ra 
results from the total 210Pb activity. The sedimentation rate was calculated using the constant rate of 
supply (Appleby and Oldfield, 1978) and constant initial concentration (CIC) (Goldberg et al., 
1977; Robbins and Edgington, 1975) methods. The CIC results are later used in constructing 
geochronologies as the associated error with calculated ages was lower for all cores. 
 
Plutonium-239 and 240 
Temporally resolved records are needed to accurately compare sites across Bentinck Island. 210Pb 
successfully dates and identifies sedimentation rate for the last 100-150 years in many environments 
(Oldfield et al., 1979). However, studies indicate 210Pb is mobilized by organic-rich waters, 
especially at depths below the water table (Oldfield et al., 1979; Urban et al., 1990). Alternative 
radioisotopes used to date sediments include 137Cs and 239/240Pu, produced from atmospheric nuclear 
weapons testing. This study aimed to validate 210Pb ages from MARR04 using accelerator mass 
spectrometry (AMS) plutonium analysis, following the methodology by Child et al. (2008). 10 
subsamples from MARR04 were spiked with 242Pu, ashed and leached before separating and 
purifying the plutonium by ion chromatography. Samples are then analysed for Pu AMS using the 
actinide beamline on the 1MV VEGA accelerator at ANSTO.  
 
Carbon-14 
Bulk sediment samples for AMS 14C analysis were selected from each core and sent to Waikato 
(Sample ID: Wk) or processed at ANSTO by the author (Sample ID: OZS). Samples processed at 
ANSTO first removed rootles from bulk sediment samples. Samples were then chemically treated 
using the standard acid-alkali-acid treatment, using HCL and NaOH, to remove carbonates and 
humic acids respectively (Hua et al., 2000). The remaining organic material was processed to 
graphite and measured using AMS. Radiocarbon results are calibrated using the ShCal13 curve 
(Hogg et al., 2013). The age depth model in Figure 6.5 uses a smooth spline interpolation of 
calibrated 14C dates produced using the CLAM package (Blaauw, 2010) in RStudio (Chazdon et al., 
2011).  
 
6.3.2 Sediment analysis 
Loss on Ignition 
The total organic content was analysed from continuous 5mm subsamples from Kerekiar-01a, with 
the high resolution sampling methodology aimed at complimenting further analysis on aeolian 
sediment transfer by Dr. Lynda Petherick. Samples were first dried at 65˚C for 72 hours to remove 
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moisture and placed in a muffle furnace for 12hrs at 450˚C. Organic material can dilute the 
geochemical signature, as carbon and nitrogen are undetected by the ITRAX XRF core-scanner. 
Therefore, it is important to have an independent reading of organic content. Loss on ignition (LOI) 
data are comparable to the Mo inc/coh ratio (incoherent and coherent scattering) (Guyard et al., 
2007), and can be used to compare changes in elemental data (Croudace et al., 2006; Lowemark et 
al., 2011) 
 
Grain size analysis 
Particle size analysis identifies variations related to changes in site morphology and sediment 
source. The grain size of sediment from MARR04, WS01 and WCS01 (all 50cm long cores) were 
analysed continuously from 1cm3 subsamples. At Kerekiar-01 (2m long core) sediments were 
subsampled at 2cm (between 8-48cm and 124-172cm) and 4cm increments.  
 
Subsamples were dispersed in sodium hexametaphosphate to disaggregate clay platelets, and 30% 
H2O2 used to remove organics. Samples were then dispersed using ultrasound (Ryzak and 
Bieganowski, 2011) and measured three times using a Malvern Multisizer. The averaged results 
determine the percent of clay (<2um), silt (2-63 um) and sand (>63um). Figure 6.6 displays grain 
characteristics after Folk and Ward (1957) calculated using GRADISTAT (Blott and Pye, 2001) 
including the mode, median, mean, sorting and skewness.  
 
The median (D50) identifies the midpoint of the grain size distribution with the mean calculated as 
the arithmetic average. The mode identifies the most frequently occurring grain size of sediments, 
and is often unimodal but may be bi- or poly-modal. The sorting of sediment can identify the energy 
of the depositional environment and characteristics of the transportation environment, with well 
sorted grains indicating a low energy environment, and a range of poorly sorted grain sizes 
identifying high energy depositional environments and events such as storm surges or cyclones. 
Skewness of the sediments grain size population occurs when the distribution is not normal. The 
skewness indicates the sorting of the ‘tail’ sediments, reflecting an excess of fine (positively 
skewed) or coarse (negatively skewed) particles. Like LOI results, grain size analysis aids 
interpretation of the µXRF variations. 
 
6.3.3 µXRF analysis 
The ITRAX XRF core-scanner provides a continuous record of relative elemental composition, 
with variations corresponding to environmental, sedimentological and diagenetic changes 
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(Croudace et al., 2006). At ANSTO the surface of cores chosen for ITRAX analysis were cleaned, 
levelled and covered with an ultra-thin conductive plastic film. The ITRAX first scans the cores 
surface, taking a radiographic image and high resolution CCD-image. The radiograph reflects the 
organic content and relative density of a sample. 
 
The µXRF technique used by the ITRAX provides the elemental composition of rocks and 
sediments (Rothwell and Rack, 2006; Weltje and Tjallingii, 2008). The source of the X-ray is a 
Molybdenum K-ray tube which excites electrons by incident x-radiation at 500 µm increments for a 
10 second period. The X-ray excites a 4mm x 0.2mm track to a depth of 0.1mm, causing electrons 
to eject from the inner to outer shells. Secondary x-radiation is released as the electrons collapse 
back to their original position in the inner shell. The emitted photon (or florescence) energy and 
wavelength spectra are characteristic of atoms, producing an estimated relative abundance 
(Croudace et al., 2006; Rothwell and Rack, 2006). 
 
Results are count rates of detected florescence per unit area per unit time (Kcps-1), and therefore 
semi-quantitative. µXRF data is difficult to convert to element concentration data; some studies 
suggest a log-ratio calibration model or using a ratio, such as Kcps-1, rather than a single elements 
intensity (Weltje and Tjallingii, 2008). Kcps-1 can be used to normalize data and is a combined 
frequency of the moisture content, surface roughness, surface defects and grain size (Weltje and 
Tjallingii, 2008). Throughout this thesis the sum of the Mo incoherent and Mo coherent scattering is 
used to normalise data, as it accounts for changes in the sediment density and moisture content 
(Burn and Palmer, 2014; Kylander et al., 2011).  
 
 Kerekiar results 
6.4.1 Stratigraphy and radiocarbon dating 
Three bulk organic sediment samples were selected from Ker-01a and one from Ker -01b and -02 
and sent to Waikato (Sample ID: Wk) and ANSTO (Sample ID: OZS) for 14C dating. Results are 
displayed in Table 6.1, including depth and calibrated age using OxCal (Bronk Ramsey, 2009), and 
the ShCal13 curve (Hogg et al., 2013). The age depth model in Figure 6.5 used a smooth spline 
interpolation of calibrated 14C dates and was produced using CLAM (Blaauw, 2010) in RStudio 
(Chazdon et al., 2011).  
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Table 6.1: Radiocarbon dates from Kerekiar based on bulk sediment analysis. 
Site Depth (cm) Lab Code δ13C 
14C Age 
yrs BP 
F14C% 
Calibrated 
Age 
(95.4%) 
(cal. yrs BP) 
Median 
(cal. yrs 
BP) 
Ker-01a 80-81 Wk-35830 -26 ± 0.2 425 ± 25 94.9 ± 0.3 504-328 465 
Ker-01a 130-131 Wk-35831 -26.7 ± 0.2 585 ± 25 93 ± 0.3 625-515 543 
Ker-01a 180-181 Wk-35832 -25.3 ± 0.2 663 ± 25 92.1 ± 0.3 651-553 605 
Ker-01b 180-181 OZS566 -23.9 ± 0.1 620 ± 30 92.55 ± 0.3 640-527 596 
Ker-02 70-71 Wk-35833 -24.1 ± 0.2 483 ± 25 74.2 ± 0.3 529-470 503 
 
Figure 6.5 summarises the stratigraphic units of the Kerekiar cores. Organic rich mangrove muds 
(Munsell colour: 7.5YR 2.5/1) made up the majority of all cores, grading to a fine grey clay (2.5Y 
4/1) towards the base. The base of each core included shell hash, pisoliths and sand. Stratigraphic 
units were explored further by analysing the loss on ignition, particle size and elemental data. 
 
Figure 6.5: Stratigraphic profiles and 14C dates from Ker-01a, -01b and -02 cores. 
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6.4.2 Kerekiar-01a sediment analysis 
LOI and particle size analysis identified sedimentary units at Ker-01a. LOI is plotted against depth 
and shows increasing organic content towards the top of the core (Figure 6.6). Peaks in inorganic 
content are comparable to increases in the sand, particularly between 40-20cm. The LOI and 
particle size results from Ker-01a were compared to the Mo inc/Mo coh ratio from µXRF analysis 
of Ker-01b, reflecting the grain size, organic content and moisture content (Burn and Palmer, 2014; 
Kylander et al., 2011). 
 
Particle size analysis identified variations related to changes in site morphology and sediment 
source. Figure 6.6 displays grain characteristics including; median, mean, sorting and skewness 
after Folk and Ward (1957) (see Appendix IV). Zones were determined by changes in the 
lithostratigraphic chronology in Figure 6.6 and are discussed below. The results are compared to 
elemental data from Ker-01b to understand drivers of change (Figure 6.7 and Figure 6.8).  
 
Figure 6.6: Ker-01a results showing the age depth model (Blaauw, 2010), LOI results and grain size characteristics 
including the median grain size, mean, skewness and sorting.  
 
Zone 1 (190-120cm; 660-510 cal. yr BP): 
The basal zone of Ker-01a is a grey clay with fine laminations of sand and dark organic material. 
Shell hash and pisoliths were present at the base of Ker-01, with high inorganic content between 83-
95%. The mean grain size was largest at the base of Zone 1, with size decreasing slightly towards 
the top of the core. Grain size analysis shows the sediment changed from a fine sandy/fine silt at the 
base to a very coarse silt at 160cm and towards the top of Zone 1. Peaks in the median grain size are 
driven by increasing sand content. The grain size characteristics identified two dramatic peaks in 
median grain size at 160cm and 125cm. These peaks are very poorly sorted (7.5 ơG) and very finely 
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skewed (-0.5 SkG) suggesting a rapid depositional event occurred with minimal sorting. The 
siliciclastic sediment with abundant shell hash and pisoliths in Zone 1 suggests the site was 
originally a relatively high energy coastal environment.  
 
Zone 2 (120-50cm; 510-230 cal. yr BP): 
Grey clays grade to organic mangrove muds in Zone 2, as inorganic content decreases and median 
grain size increases. Zone 2 shows relatively little variation in grain characteristics.  
 
Zone 3 (50-0cm; 230 cal. yr BP to present): 
In Zone 3 mangrove muds were interspersed with large fragments of organic material. The 
inorganic content varied between 90-75%. Between 45 and 20cm the inorganic content, percentage 
of sand and median grain size increased. Very finely skewed sediment (skewness of -0.3 to -1.0 
SkG) and mesokurtic to leptokurtic distribution (kurtosis greater than 0.9 KG) indicated aeolian 
sourced sediments increased in zone 3.  
 
6.4.3 Kerekiar-01b µXRF analysis and PCA ordination  
The lithostratigraphic zones of Ker-01a and the geochemical profile of Ker-01b can be compared 
using 14C dates. Radiocarbon analysis shows the basal unit of fine clays with shell hash transitioned 
to fine clays with increasing organic content around c. 650 years ago at Ker-01 and c. 500 years ago 
at Ker-02. The µXRF geochemical analysis complements stratigraphic investigations, exploring 
changes in sediment source, redox state and hydrology. Principal component analysis (PCA) of 
normalised data against depth illustrates relationships between individual elements downcore 
(Figure 6.7). Individual elemental profiles are plotted against depth in Figure 6.8, with zones 
defined by Constrained Sum of Squares (CONISS). Elemental ratios are useful palaeo-proxies and 
are explored in Figure 6.9 alongside a high resolution optical image and radiograph of the four core 
sections.  
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Figure 6.7: PCA of µXRF data from Ker-01b, with arrows showing general trends in the data.  
 
Zone 1 (190-110cm): 
The PCA shows detrital elements drive most of the variation in Zone 1. Fe, K, Rb, Ti and are 
associated with clays and fine grained materials (Cuven et al., 2010; Kylander et al., 2011), and Si 
indicates coarse silt and sand. Figure 6.8 shows relatively high values of detrital elements Fe, Si, K, 
Ti, Rb in Zone 1, suggesting increased deposition of material from the surrounding area and fine 
clay sediments with increased sand content. This is comparable to the increased grain size and high 
inorganic content found in Zone 1 of Ker-01a. Cl and Ca values are high in Zone 1 indicating an 
increased marine influence (Cuven et al., 2011), with high values of S suggesting mangrove 
sediments were present. Ca and Sr are closely associated, precipitating when water columns become 
saturated during periods of low water levels or in ephemeral systems (Kylander et al., 2011; 
Moreno et al., 2007). At Kerekiar these elements seem to be associated with the organic clay 
lithostratigraphic unit (Figure 6.5). The Mo inc/coh ratio indicates low levels of organic content in 
Zone 1 (Figure 6.8) and the optical and radiographic images show subtle stratigraphy, with fine 
laminations between 100-190cms (Figure 6.9). 
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Figure 6.8: µXRF analysis of elements at Ker-01b. 
 
Ti indicates allochthonous inputs from the catchment (Cohen, 2003) and is immobile in sediments. 
Therefore, the ratio of Fe/Ti identifies iron produced within the site, rather than sourced from 
deposition of surrounding material (Figure 6.9). Peaks in the Fe/Ti ratio identify anoxic 
environments (Aufgebauer et al., 2012), while peaks in Mn/Fe indicate oxic conditions (Burn and 
Palmer, 2014; Unkel et al., 2008). In Zone 1 the Fe/Ti values remained relatively high, suggesting 
an anoxic environment. Fe is closely correlated with sulphur, which occurs in anoxic mangrove 
muds and has also been used to indicate increased marine influence (Balascio et al., 2011). The 
lithostratigraphic unit in Zone 1 is characterised by fine organic clays. The Zr/Rb ratio reflects the 
particle size of sediments (Kylander et al., 2011), with increasing values indicating finer sediments 
and decreasing values suggesting coarse sediments. Rb absorbs to clay minerals, while Zr is more 
abundant in silts. However, this ratio is unreliable in coarser silts and sands (Kylander et al., 2011). 
In Figure 6.9 Zr/Rb values are relatively high in Zone 1, reflecting the increased clay content.  
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Figure 6.9: µXRF ratios of selected elements.  
 
Zone 2 (110-65cm): 
The PCA of Ker-01b shows Br drove the variation in Zone 2 as detrital elements have less of an 
influence. Detrital elements, Mn, Ca and Sr decreased between Zone 1 and 2, remaining low for the 
rest of the sediment profile (Figure 6.8). S and Fe values briefly declined from 110-95cm, then 
remained high for the rest of Zone 2. The Zr/Rb ratio decreased after 900mm, suggesting a larger 
particle size as silt increased.  
 
Br indicates increased organic content in lakes (Carrevedo et al., 2015; Gilfedder et al., 2011) and 
increased in Zone 2 and 3. High values of Mo inc/coh also identify increased organic content 
(Guyard et al., 2007), matching the LOI results from zone 2 of Kerekiar-01a. The increase in 
organic content between Zone 1 and 2 correlates with the change in the lithostratigraphic units to 
highly organic sediments. An organic spike occurred between 110-95cm and corresponded with low 
S, Fe and Fe/Ti. A significant peak in Mn/Fe also occurred at this time and suggests an aerobic 
environment briefly existed.  
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Zone 3 (65-0cm): 
The PCA of Ker-01b shows Br defines the start of Zone 3, but that the top of the core is poorly 
explained by the elements included in the analysis, suggesting organic content or moisture is 
driving the variations. Cl and S deposition declined in Zone 3, indicating that the site changed from 
a tidal to a supratidal environment. In Zone 3 Fe variations are comparable to S and at minimal 
values, suggesting the presence of a more aerobic environment. The Mo inc/coh ratio, a proxy of 
organic content, peaked in Zone 3 and may be supressing other elemental concentrations due to the 
closed sum effect (Lowemark et al., 2011; Van der Weijden, 2002). 
 
 Kerekiar interpretation 
The lithostratigraphic basal unit found in Ker-01 and Ker-02 consisted of fine- to coarse-grained 
siliciclastic sediments with abundant shell hash/pisoliths, suggesting the site was originally a high 
energy coastal environment. The basal unit found across Kerekiar may record the influence of the 
late Holocene sea level highstand, as noted by Moss et al. (2015). Radiocarbon dates indicate Zone 
1 existed prior to 605 (Ker-01a), 596 (Ker-01b) and 503 cal yrs BP (Ker-02) across Kerekiar. Large 
shell fragments decreased and the stratigraphy changed to fine organic clays at Ker-01, although it 
was absent from Ker-02. Zone 1 of Ker-01 represents a tidal or supratidal phase with evidence of 
marine influence and an anaerobic environment (Cl, S and Fe) until 500 cal. yr BP. Terrigenous 
material dominated the elemental profile, suggesting the presence of a tributary delivering sediment 
from the surrounding landscape.  
 
Zone 2 begins at 120cm in Ker-01a and 110cm at Ker-01b, dated to around 500 cal. yr BP. Grey 
clays transitioned to an organic mangrove mud, supported by increasing values of Br and the Mo 
inc/coh ratio. Initially S, Fe and Fe/Ti declined as Br peaked, and then reverted back to levels 
similar to those found in Zone 1. The peak in Mn/Fe at this time suggests an aerobic event. Zone 2 
records the transition from a catchment affected by coastal inundation and fed by a tributary, to a 
protected mangrove community with marine influence declining over the last 500 years. 
 
Zone 3 began around 250 cal yrs BP, and is distinguished from Zone 2 by the inclusion of large 
fragments of organic mangrove roots, an increase in the sand content and median grain size. The 
Mo inc/coh ratio, Br and LOI values peak, indicating increased organic material. Cl, S and Fe 
declined suggesting a more aerobic environment with less marine influence in Zone 3. The modern 
day supratidal mangrove forest is fed seasonally by monsoon rains from an ephemeral tributary. 
The findings from geochemical and particle size analysis suggest the modern day ecosystem was 
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established in the last 250 years. Archaeological evidence from the shallow midden atop the chenier 
deposit separating Ker-01 from Ker-02 dates to the last 200 cal years BP (S. Ulm, pers. comms. 
2016). The archaeological data suggests the mangrove forest was exploited shortly after the modern 
day site formed.  
 
 Marralda Wetlands results 
6.6.1 210Pb and 239/240Pu radioisotope analysis from MARR02 and MARR04  
The top 20cm of MARR02 and MARR04 were analysed for 210Pb, with the sedimentation rate 
calculated using the constant rate of supply (Appleby and Oldfield, 1978) and constant initial 
concentration (CIC) methods (Goldberg et al., 1977; Robbins and Edgington, 1975) (Figure 6.10). 
Results from MARR02 found detectable levels of unsupported 210Pb activities only in the top 5cm. 
Below 5cm the activities were at background level and, due to the sampling methodology, the ages 
from MARR02 are unreliable. Finer sampling (2.5 or 5mm increments) would improve the 
accuracy of MARR02’s 210Pb chronology. However, for the purpose of this thesis the results from 
MARR02 are used to show that 5-6cms is approximatly 145±13 years old, using the CIC calculated 
ages. The CIC mass accumulation rate for MARR02 is 0.02 g/cm2/yr. Results from MARR03 
indicate unsupported 210Pb activities are relatively low, compared to MARR02, however they 
display a decay profile with depth. The CIC ages were calculated using unsupported 210Pb between 
0 and 16cm only, with a calculated mass accumulation rate of 0.3g/cm2/yr. 
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Figure 6.10: 210Pb radioisotope results, CRS and CIC modelled ages for MARR02 and MARR04. 
 
The 239/240Pu radioisotope analysis aimed to validate the 210Pb dates from MARR04. Results found 
samples above 12cm have a relatively consistent Pu concentration of ~0.09mBq/g (Figure 6.11). A 
clear peak corresponding to the 1963 atmospheric fallout deposition in the 239+240Pu is absent, 
suggesting the sediment was insufficiently laminated to preserve the Pu signal at MARR04. This 
result suggests either the water column was regularly mixed, resuspending sediments and removing 
discreet temporal layers; or that the wetland was receiving a reservoir of Pu labelled surface 
sediment from the surrounding basin with a consistent quantity of fallout derived Pu.  
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Figure 6.11: MARR04 radioisotope results including excess 210Pb, CIC modelled 210Pb ages, 239Pu+240Pu and 240/239Pu. 
 
The Pu concentration below 12cm indicates pre-bomb pulse material. Results continue to indicate 
mixing, but background levels of Pu were not reached by 20cm. The shift from higher 
concentrations above 12cm to lower concentrations deeper in the core suggests this boundary 
indicates a shift to pre-bomb pulse sediment. While the Pu results are unable to verify the 210Pb 
ages, they do suggest a reinterpretation of the original chronology. At MARR04 the 210Pb values 
transition from higher concentrations in the top 10cm to lower concentrations further downcore 
(Figure 6.11). This transition was originally interpreted as a simple decay profile, however low 
210Pb concentrations noted in MARR04 could be explained by the mixing of sediment layers 
identified by the plutonium analysis. Therefore, the calculated 210Pb chronology is treated with 
caution, especially below 10cm depth where the unsupported 210Pb activity reaches background 
levels.  
 
Interestingly the 240/239Pu ratio is significantly lower than the stratospheric fallout ratio, and results 
are similar to those from northern Australia (pers. comms. D. Child, 2016). The low levels of 
plutonium come from former British nuclear tests between 1952 and 1963 at Monte Bello Islands, 
Maralinga and Emu Field. The Monte Bello Islands are an archipelago 130 km off northwestern 
Australia, while Maralinga and Emu Field are located in South Australia. The low 239/240Pu ratio 
present throughout the MARR04 core implies the plutonium burden is dominated by fallout 
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produced in the 1950 and 1960s. This finding further supports either a mixed sediment profile or the 
continual deposition of Pu labelled dust (possibly from the Australian mainland) dominating the Pu 
signature in the sediment. While Pu analysis was unable to validate 210Pb results at MARR04, the 
levels of 239/240Pu indicate significant fallout from Australian nuclear tests occurred as far north as 
the South Wellesley Islands. This multi-tracer geochronological approach could validate 210Pb 
results across far northern Australia in appropriately stratified sedimentary settings. 
 
6.6.2 Stratigraphy and radiocarbon dating of the Marralda Wetlands  
MARR01, 02, 03 and 04 cores were dated using 14C, with dates calibrated using OxCal 4.2.3 
(Bronk Ramsey, 2009) and the ShCal13 curve (Hogg et al., 2013). All calibrated ages are reported 
at the 95.4% probability distribution (Table 6.2).  
 
Table 6.2: Bulk sediment AMS 14C ages for Marralda Wetland cores. 14C ages calibrated using OxCal 4.2 (Bronk 
Ramsey, 2009) and the ShCal13 (Hogg et al., 2013) curve. 
Site Depth(cm) 
Lab 
Code 
δ13C 
14C Age yrs 
BP 
F14C% 
Calibrated Age 
(95.4%) 
(cal. yrs BP) 
Median 
(cal. yrs 
BP) 
MARR01 49-50 OZR376 -25.1 ± 0 465±35 94.37 ± 0.37 531-334 490 
MARR02 38-40 OZO034 -25.9 ± 0.2 Modern 106.95 ± 0.41 135 - 29 57 
MARR03 49-50 OZR374 -28.1 ± 0.2 650 ± 30 92.24 ± 0.3 651-547 606 
MARR04 35-36 OZS567 -24 ± 0.1 570 ± 20 93.17 ± 0.2 554-515 536 
MARR04 46-47 OZRO35 -23.7 ± 0.3 1240 ± 30 93.11 ± 0.29 1257-986 1114 
 
The Marralda Wetland cores consist of three sedimentological units (Figure 6.12). The lowest are 
fine- to medium-grained muddy sand, with large amounts of shell hash, indicating a near-shore 
coastal environment was present between ca. 2400 to 500 years ago based on the four basal 14C 
AMS dates. This deposit grades into the second unit, characterised as very fine-grained organic 
clays (Munsell colour: 7.5YR 4/1) that formed in the last 500 years (based on two 14C AMS dates). 
The uppermost sedimentological unit is an organic rich deposit (7.5YR 2.5/2), which formed over 
the last 60 to 70 years (based on 210Pb dates from MARR04) (Figure 6.10). Differences between the 
length and depth of each unit across the east-west transect suggests complex swamp development.  
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Figure 6.12: Marralda Wetland core stratigraphy for MARR01-04 including 14C ages for comparison. 
 
6.6.3 MARR01 µXRF analysis and PCA ordination  
PCA of normalised MARR01 data explores the relationships between individual elements 
downcore (Figure 6.13). Elemental profiles of interest are plotted against depth in Figure 6.14, with 
zones defined by CONISS analysis.  
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Figure 6.13: PCA results of µXRF data from MARR01 at 10mm increments. 
 
The MARR01 core spans the last 490 years with the PCA of µXRF data indicating the variance at 
the base of the core is explained primarily by Si, Cl and detrital elements. This suggests a marine 
influence for the basal unit, which transitioned to sediments sourced from the surrounding 
landscape around 200mm. Ca, Br and Mn are significantly separated from detrital elements and 
suggest a groundwater fed wetland, although Mn explains little of the variation in this core. As seen 
at Kerekiar, Ca and Sr precipitate during periods of high concentrations/low water levels (Cohen, 
2003), with Br representing organic content (Carrevedo et al., 2015; Gilfedder et al., 2011) 
suggesting a productive wetland system occurred at MARR01. However, while these elements are 
anticorrelated with detrital indicators, they only briefly affected the record between 0 and 100mm.  
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Figure 6.14: µXRF analysis of elements at MARR01. 
 
Figure 6.14 shows little variation in the elements between zones. Zone 1 has relatively high values 
of detrital elements, with Cl suggesting a marine influence or brackish conditions. Organic 
indicators increased briefly in Zone 2, replacing detrital indicators, and suggests a relatively rapid 
deposition event occurred. In Zone 3 organic indicators remained high as Ca increased, suggesting 
modern day wetlands were established at this time. Little variation in the geochemical data at 
MARR01 could be a result of either site stability or sediment mixing obscuring changes in the 
elemental profile.  
 
6.6.4 MARR02 µXRF analysis and PCA ordination 
At MARR02 a radiocarbon date from 40cm returned a modern age, calculated to 57 cal. yr BP 
using the ShCall13 curve (Hogg et al., 2013). 210Pb analysis found an age of 85 cal yrs BP at 5cm 
(although noted to be unreliable), suggesting mixing and disturbance occurred at the base of this 
core. PCA results from MARR02 show detrital elements define the basal unit of the sediment core 
(Figure 6.15), as seen in MARR01. Cl and Zr explain the majority of the core, possibly reflecting 
the silt content of the cores and suggesting increased marine influence at the base. Variance in the 
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top 100mm at MARR02 is explained by Ca and S, and Sr, Br and Mn indicating wetland 
development.  
 
 
Figure 6.15: PCA results of µXRF data from MARR02 at 10mm increments. 
 
Figure 6.16 shows MARR02 geochemical variations downcore. In Zone 1 Mo inc/coh and Br 
reflect the organic content. Organic indicators coupled with Mn and Sr deposition in Zone 1 suggest 
low water levels or an ephemeral system. Detrital elements were slightly supressed in Zone 1, and 
increased in Zone 2 as the surrounding catchment delivered sediment to the site. Zr, Ti and Si 
values suggest increasing coarser grained sediments, while Rb, Fe and K suggest fine sediments 
also increased in Zone 2. This may be associated with a tributary transporting material to the site, or 
a more open site allowing terrestrial sediments to accumulate via runoff. Organic indicators 
increased as detrital elements decreased in Zone 3, suggesting the formation of the modern day 
wetlands. The preservation of geochemical variations downcore suggest the top of MARR02 is in 
chronological order, with contamination only affecting the basal 14C date.  
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Figure 6.16: µXRF analysis of MARR02 elements 
 
6.6.5 MARR03 µXRF analysis and PCA ordination  
The MARR03 record spans the last 600 cal yrs BP, and is located 70m from MARR02. Due to the 
proximity similarities in µXRF results are expected between the two sites. Figure 6.17 shows a 
similar relationship in the elemental profile, with Cl and Zr characterising the base of MARR03. 
The majority of the core depths are tightly clustered, suggesting less variation occurred between 
450-100mm. Detrital inputs are associated with S in this core, however they contribute little to the 
variation in the PCA compared with other cores. The top of the core is characterised by Br, Mn, Sr 
and Ca as found at MARR02 suggesting the modern day wetland is represented by the top 100mm. 
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Figure 6.17: PCA results of µXRF data from MARR03 at 10mm increments. 
 
Figure 6.18 shows there was relatively little change in the detrital elements in MARR03. In Zone 1 
detrital elements are relatively high with low wetland indicators (Ca, Sr, Mn and Br). The Mo 
inc/coh value is relatively high throughout the core. The Cl and S records in MARR03 may 
represent noise as elements vary independently downcore. Wetland indicators (Mo inc/coh, Br, Mn, 
Sr and Ca) increase from 100mm and into Zone 2. 
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Figure 6.18: µXRF analysis of elements at MARR03. 
 
6.6.6 MARR04 µXRF analysis and PCA ordination  
MARR04 provides a record of the last 1,120 cal yrs BP with two 14C, six 210Pb and 10 239/240Pu 
dates providing a robust geochronology at this site. MARR04 is discussed further in Chapter 7, but 
is included here alongside other cores from the Marralda Wetlands for comparison. Additionally, 
results presented here justify the selection of MARR04 for further study including pollen, 
macroscopic charcoal and particle size analysis. 
 
In Figure 6.19 the PCA of MARR04 shows detrital indicators (Zr, Si, K, Fe, Ti and Rb) dominated 
the basal unit from 400mm, with S characterising the very base suggesting mangroves were present. 
Cl is isolated from other marine indicators and drives variation at 280mm. Organic material (Br) 
and wetland indicators (Mn, Sr and Ca) differentiate the top of the core, with the majority of the 
cores variance explained by these elements.  
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Figure 6.19: PCA results of µXRF data from MARR04 at 10mm increments. 
 
Figure 6.20 divides the MARR04 µXRF data into three zones using CONISS. Zone 1 has high 
values of Mo inc/coh and detrital elements (Fe, Si, K, Ti, Rb and Zr). This suggests an organic 
environment was present, with terrigenous material deposited at the site either by runoff or a 
tributary. The organic content could indicate a mangrove environment, with S characterising the 
base of the core as seen in the PCA (Figure 6.19). Cl slightly increased in Zone 1, but the signal 
seems to be noisy in MARR04 and may not indicate a marine influenced phase similar to the other 
sites.  
 
Zone 2 shows Ca, Sr and Mn increasing, suggesting a brackish/freshwater system developed. Br 
increased although the Mo inc/coh ratio decreased in Zone 2. Mo inc/coh indicates organic material, 
but is also a proxy for moisture and sediment density (Guyard et al., 2007; Kylander et al., 2011), 
with low values in Zone 2 possibly due to a change in grain size and moisture content of the 
sediment. Detrital elements decreased in Zone 2, suggesting the formation of a closed, low energy 
wetland environment developing at this time.  
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Zone 3 shows Mo inc/coh and Br increasing, with the elemental ratio suggesting the modern system 
developed around 150mm. 210Pb dates indicate this occurred by AD 1950. Detrital indicators 
continue to decline in Zone 3 as Br and Mn increase slightly.  
 
Figure 6.20: µXRF analysis of elements at MARR04. 
 
 Marralda Wetlands interpretation  
The Marralda Wetland cores record coastal development over the last 1,100 cal yrs BP, with 
common stratigraphic units identified throughout the system. The basal unit consists of oxidised 
clays containing shell hash, pisoliths and sand at all sites except for MARR01. This suggests the 
Marralda Wetland was initially an open coastal site with high energy depositing large particles. 
Based on the 14C dates this phase began by 1,100 at MARR04 and 600 cal yrs BP at MARR03. At 
MARR01 the basal unit is absent while at MARR02 the unit returned a ‘modern’ date of 51 cal yrs 
BP. MARR02 is likely a contamination issue as 210Pb results from the same core date 5cm to 
approximately 85 cal yrs BP.  
 
A preliminary study adjacent to MARR02 found the same stratigraphic units presented in this 
Chapter (Moss et al., 2015). The basal unit contains large amounts of shell hash, fine- to medium-
grained siliciclastic sediments and very low pollen concentrations. This unit occurs between ca 
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2,400 to 500 years ago and is comparable to that found across the Marralda Wetlands, suggesting 
the region was initially a near-shore beach environment resulting from higher than present sea 
levels (Moss et al., 2015). Sea levels during the Holocene highstand were at least +2m above pmsl 
in the southern Gulf of Carpentaria (ca. 4,500 years ago), dropping to present levels from ca. 2,000 
years ago (Lewis et al., 2013; Nakada and Lambeck, 1989; Reeves et al., 2008; Sloss, 2012). The 
timing of site development is comparable to the records presented in this Chapter, and suggests site 
formation was synchronous across the Marralda Wetlands (Moss et al., 2015).  
 
An oxidised clay unit is present at MARR01, 02 and 03, with a basal date at MARR01 indicating 
the lithostratigraphic unit was present from 490 cal yrs BP. The lack of shell hash and pisoliths 
suggest the sites became more protected, possibly as seaward coastal dunes developed. This 
lithostratigraphic unit is characterised by high values of detrital elements including Si, K, Ti, Rb 
and Zr. The increased detrital input in this lithostratigraphic unit suggests sediments from the 
surrounding landscape were transported and deposited across the Marralda Wetlands, possibly via 
an active tributary or through reduced vegetation cover allowing increased runoff from the nearby 
mudflats to reach the sites. Oxidised clays transition to organic clays at MARR03, while at 
MARR04 oxidised clays are absent, with organic clays forming by 570 cal yrs BP. At MARR03 
this unit is defined by increasing Sr and Ca, Si, K and Ti while organic indicators remain relatively 
low. At MARR04 Sr, Ca and Mn also increase suggesting the sites were fed by groundwater. 
Organic material only slightly increased in this unit, which marks the beginning of the Marralda 
Wetlands and occurs earliest in the west of the chain.  
 
The organic clay unit is comparable to that found in the study by Moss et al. (2015). Pollen analysis 
found a mangrove swamp developed around 500 years ago, persisting until the 1940s (Moss et al., 
2015). Mangrove taxa are diverse and the presence of the poorly dispersed Avicennia marina 
(Crowley et al., 1994) suggests they were present locally (Moss et al., 2015). This study suggests 
some sites transitioned from an open coastal environment to a mangrove community and finally a 
wetland. µXRF analysis from MARR03 and MARR04 suggest this transition happened earlier at 
sites further inland, but palynological analysis is needed to test this theory. Further analysis of 
MARR04 is included in Chapters 7 and 8.  
 
The final lithostratigraphic unit occurs at all sites and is highly organic. The 210Pb dates suggest this 
deposit is older than 150 years at MARR02 and predates 60 years at MARR04 (although dates 
below 10cm at this site are unreliable). This unit is distinct in the elemental profiles as the Mo 
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inc/coh ratio and Br values peak in all sites. Detrital indicators decline at MARR02, 03 and 
MARR04, suggesting a relatively recent change across the wetlands associated with increased 
productivity and vegetation. Moss et al. (2015) suggests this modern unit represents the recent 
transition to a freshwater swamp since a cyclone event significantly affected the region in 1948. 
 
Results from the Marralda Wetlands show significant variations between sites across a relatively 
small area. The wetlands developed first as coastal progradation occurred, then as a tributary 
formed delivering detrital material and finally as the wetlands became separate and permanent 
features fed by groundwater. Archaeological excavations on the seaward ridges of Marralda at 
Murdumurdu (Figure 6.3) found local occupation in the last 320 years (Moss et al., 2015), 
suggesting occupation occurred as mangrove communities transitioned to freshwater systems. A 
shell midden complex at Jirrkamirndiyarrb ca.700 m to the east of Marralda returned a basal age of 
3483 cal. yrs BP, although the majority of archaeological material dates to the last 1000 years (Ulm 
et al., 2010). The dates at Jirrkamirndiyarrb suggest older wetlands may have been present further 
inland during higher than present sea levels, with modern day wetlands forming as the coastline 
prograded. Areas of poor drainage that form ephemeral wetlands were identified in swales further 
inland and may represent palaeo-wetlands. However, sites were not incorporated in this study as 
limited organic material was preserved and sites had undergone paedogenesis.  
 
 Conclusion 
This chapter investigated the timing and development of the mangrove community at Kerekiar and 
the Marralda Wetlands on the southeast coast of Bentinck Island. Radioisotope and stratigraphic 
analysis shows synchronous changes in lithostratigraphic units across sites, with the basal unit 
suggesting a coastal environment occurred between ca 2,400 and 500 years ago. The coastal unit 
ends by 500 cal yrs BP at Kerekiar, MARR03 and -04 suggesting sites became protected by dune 
development along the southeast coast.  
 
The µXRF analysis identifies changes in the local hydrology, suggesting the Marralda Wetlands 
transitioned to groundwater fed sites by 570 cal yrs BP. This correlates with the deposition of fine 
mangrove sediments at Kerekiar, suggesting a regional transition to a more protected coastline 
allowing mangrove communities to flourish. It is unclear if the Marralda Wetlands were initially a 
mangrove community or transitioned directly to wetlands using only µXRF data. Further analysis 
presented in Chapter 7 and 8 aims to verify the regional extent and timing of the mangrove 
community in the Marralda Wetlands identified in the geochemical records presented here and the 
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palynological work by Moss et al. (2015). The variability in records on the southeast coast 
highlights the need to study a number of sites when reconstructing the palaeoenvironment of a 
region, and supporting the interpretation of µXRF analysis with other sedimentological evidence. 
This chapter identifies MARR04 as the most appropriate for further analysis, due to the cores robust 
chronology and well preserved geochemical record. Chapter 7 builds on the analysis of MARR04 
presented in this chapter by including continuous particle size analysis and examining elemental 
ratios. Additionally, Chapter 7 presents a regional record by comparing the Marralda Wetland core 
to sites on the north and west coast of Bentinck Island. 
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Chapter 7 
 
Geochemical investigation of the South Wellesley Island 
wetlands: insight into wetland development during the Holocene 
in tropical northern Australia. 
 
 
Chapter 7 presents radioisotope analysis, sediment characteristics and µXRF results from three 
sites across Bentinck Island. This chapter is reproduced from the following published paper 
 
Mackenzie L, Heijnis H, Gadd P, Moss P, Shulmeister J. 2016. Geochemical investigations of the 
South Wellesley Island wetlands: insight into wetland development during the Holocene in tropical 
northern Australia. The Holocene. 
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 Geochemical investigation of the South Wellesley 
Island wetlands: insight into wetland development during the 
Holocene in tropical northern Australia 
 
Abstract 
The South Wellesley Islands in the Gulf of Carpentaria, northern Australia, were the recent focus of 
a palynological investigation which found vegetation change during the Holocene was driven by 
coastal progradation and regional climate. Here we present new elemental data from X-ray 
fluorescence core scanning which provides non-destructive, continuous and high resolution analysis 
from three wetlands across Bentinck Island, the largest of the South Wellesley Islands. Elemental 
data and grain size analyses are combined with lead-210 (210Pb) and Accelerator Mass Spectrometry 
(AMS) carbon-14 (14C) dates. An open coastal environment was present 1,250 cal. yr BP on the 
southeast coast of Bentinck Island, with sediment supply incorporating fluvial deposition and 
detrital input of titanium and iron from eroding lateritic bedrock. Prograding shorelines, dune 
development and river diversion formed a series of swales parallel to the coast by ~800 cal. yr BP, 
forming the Marralda wetlands. Wetlands developed at sites on the north and west coast ~500 and 
~450 cal. yr BP, respectively. Geochemical and grain size analyses indicate that wetlands formed as 
accreting tidal mudflats or within inter-dune swales that intercepted groundwater draining to the 
coastal margins. The timing of wetland initiation indicates localised late Holocene sea level 
regression, stabilisation and coastal plain development in the Gulf of Carpentaria. Elemental data 
provide new records of wetland development across Bentinck Island, highlighting the value of a 
multi-proxy approach to understanding environmental change during the Holocene in tropical 
northern Australia.  
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 Introduction 
A growing body of research suggests stabilising sea levels and regional climate drove wetland 
development across tropical northern Australia during the late Holocene. Freshwater swamps 
developed by 2,600 cal. yr BP on Mua and Badu islands in the Torres Strait (Rowe, 2007a, 2007b) 
and 2,700 yr BP in central Cape York Peninsula (Butler, 1998; Stephens and Head, 1995). 
Freshwater collected behind cheniers, coastal swales and in palaeochannels creating freshwater 
resources across the northern coastal plains by 2,000 yr BP (Chappell, 1988; Woodroffe, 1988). 
Groote Eylandt in the Gulf of Carpentaria records increasing wetness in the last 1,000 cal. yr BP 
after a period of dune building (Shulmeister, 1992) while Big Willum Swamp in Cape York 
expanded to its greatest extent in the last 600-400 cal. yr BP (Stevenson et al., 2015). These studies 
suggest a region wide driver of wetland development during the late Holocene. However, 
degradation of traditional proxies in tropical environments and a lack of spatially diverse records 
limit our understanding of the role climate and sea level change played.  
 
The coastline of tropical northern Australia has significantly changed throughout the Holocene. 
Rapid postglacial sea-level rise reached modern levels 7,400 ± 200 cal. yr BP in the South Alligator 
River, van Diemen Gulf (Lewis et al., 2013; Woodroffe et al., 1989; Woodroffe et al., 1985; 
Woodroffe et al., 1987) and 6,400 cal. yr BP in the southern Gulf of Carpentaria (Chappell et al., 
1982; Lewis et al., 2013; Rhodes, 1982; Rhodes et al., 1980). A mid-Holocene highstand between 
1- 2m higher than present mean sea level (pmsl) inundated low lying coastal regions and mangrove 
communities expanded. As sea-level stabilised mangroves flourished during a ‘Big Swamp’ phase, 
with the rapid vertical accretion of mangrove muds evident in sedimentary archives throughout 
northern Australia and the Torres Strait (Crowley, 1996; Grindrod et al., 1999; Grindrod and 
Rhodes, 1984; Rowe, 2007a, 2007b; Woodroffe et al., 1989; Woodroffe et al., 1985). Falling sea 
levels in the late Holocene caused prograding coastlines associated with the contraction of 
mangrove communities and succession to freshwater swamps (Crowley et al., 1990; Crowley and 
Gagan, 1995; Luly et al., 2006; Proske et al., 2014b; Rowe, 2007a, 2007b).  
 
Variability in late Holocene records from tropical northern Australia are often explained by 
increased seasonality due to the coupled El Niño-Southern Oscillation (ENSO) (Luly et al., 2006; 
Prebble et al., 2005; Rowe, 2007a; Shulmeister and Lees, 1995). ENSO drives interannual climatic 
variability across tropical northern Australia by reducing monsoon intensity and causing both 
droughts and extensive fires (Gagan et al., 2004; Lo et al., 2007; McBride and Nicholls, 1983; 
Sturman and Tapper, 1996). The alternate La Niña phase increases precipitation, cyclone activity 
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and flood events in the region (Nicholls, 1992). During the mid-Holocene a general drying trend 
was identified across northern Australia (Abram et al., 2009; Haug et al., 2001; Reeves et al., 2013; 
Stott et al., 2004). ENSO intensified between 3,700 and 2,000 cal. yr BP (Reeves et al., 2013; 
Shulmeister, 1999; Shulmeister and Lees, 1992; Turney and Hobbs, 2006; Williams et al., 2008) 
before strong La Niña-like conditions increased effective precipitation between 1,500 to 1,000 cal. 
yr BP across parts of northern Australia (Markgraf and Díaz, 2000; Moss et al., 2011; Shulmeister, 
1999; Williams et al., 2010). The role that climate has played in the development and persistence of 
freshwater resources during the late Holocene is difficult to quantify without high resolution multi-
proxy studies.  
 
Geochemical analysis of wetland sediments provide a tool to explore past environments across a 
range of sites where other proxies are absent or compromised. Micro X-ray fluorescence (µXRF) 
core scanning rapidly records continuous, high-resolution and non-destructive measurements of 
relative geochemical variations downcore (Croudace et al., 2006; Francus et al., 2009). XRF 
scanning of lake sediments record local and regional environmental change (Davies et al., 2015). 
However, µXRF-scanning techniques are yet to be applied to palustrine environments in tropical 
northern Australia. This study builds on preliminary results presented in the previous chapter by 
presenting µXRF geochemical data from three coastal wetlands across Bentinck Island, in the Gulf 
of Carpentaria, northern Australia. Variations in elemental profiles correspond to changes in 
catchment weathering, sedimentation, hydrological regimes and post depositional processes (Boyle, 
2002; Croudace et al., 2006). We aim to identify relationships between elements in a tropical 
coastal setting including Titanium (Ti), Iron (Fe), Manganese (Mn), Calcium (Ca), Rubidium (Rb), 
Strontium (Sr), Silicon (Si), Bromine (Br), Potassium (K) and a ratio of Molybdenum (Mo) 
incoherent (Compton) to coherent (Rayleigh) scattering. Changes through time are related to detrital 
input, anaerobic conditions and local hydrology. The organic content and grain size analyses of 
sediments identify changes in the wetlands which may affect the elemental data within the profile. 
Reconstruction of the catchment development, sediment input and wetland stability are related to 
wider changes in tropical northern Australia during the late Holocene. This study shows µXRF is a 
valuable tool to examine palaeoenvironments in regions where other proxies may be absent or 
compromised.  
 
 106 
 
 Methodology 
7.2.1 Sampling site 
Bentinck Island (144 km2, highest point 22m asl) is the largest of the South Wellesley Islands in the 
Gulf of Carpentaria (Figure 7.1). The Island is low lying (<5m asl) with coastal depositional 
environments including beaches, supra-tidal mudflats, cheniers and aeolian dunes. Shallow sandy 
soils overlie clay or lateritic bedrock along the coastline (Grimes and Sweet, 1979) with wetlands 
and swales supporting organic loam/clay rich soils. Inland the lateritic bedrock produces well 
drained, clay rich soils with poor nutrient availability. The Wellesley Islands formed between 8,000 
-6,500 BP as sea-levels rose with archaeological evidence of human occupation from 3,500 years 
ago (Memmott et al., 2016; Ulm et al., 2010). Limited European presence and disturbance of the 
Islands has preserved palaeoecological records and archaeological sites.  
 
Figure 7.1: Map of Bentinck Island and surrounding South Wellesley Islands (Albinia and Sweers Island). Sites 
discussed in this paper are labelled.  
 
The tropical Australasian region experiences significant seasonal variation in prevailing winds and 
rainfall with the southward migration of the Inter Tropical Convergence Zone (ITCZ) bringing the 
Australian Summer Monsoon. Northwesterly winds and 92% of the annual rainfall occurs during 
the short wet season (November to March) while drier Southeast Trade Winds dominate during the 
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long dry season (April to October). Tropical summer cyclones contribute additional rainfall to the 
region and are common in the area with 37 passing within 100km of the Wellesley Islands between 
1906 and 2006 (Bureau of Meteorology, 2016d). January and February are the wettest months with 
a mean rainfall of 326 mm and 307 mm, respectively (Bureau of Meteorology, 2016a). The mean 
maximum temperature is 33°C in November with a mean minimum in July of 16°C (Bureau of 
Meteorology, 2016a).  
 
Three wetland sites across Bentinck Island were sampled using a D-section corer. Marralda Swamp 
(MARR04) runs parallel to the south east coast, consisting of several freshwater lakes and swamps. 
A pollen and micro charcoal record from MARR01 located at the north east end of the chain is 
published in Moss et al. (2015). MARR04 (S 17.09631, E 139.54265, length 50cm) is ~100m south 
of MARR01 and contains permanent freshwater to a depth of 50 cm. Open coastal woodland with 
Pandanus spiralis, Melaleuca acacioides and a mixed grassland including Spinifex longifolius 
surrounds the site with Eleocharis dulcis and Typha sp. growing in the wetland.  
Well Swamp (WS01) (S 16.9846, E 139.49504; length 50 cm) is an ephemeral site established 
behind a mangrove fringe including back beach species Ceriops tagal, Bruguiera exaristata and 
Avicennia marina. The site is surrounded by open grassland with P. spiralis and Casuarina 
equistifolia subsp. equistifolia also present in the area. A 50-90 cm core was sampled using a sand 
auger which contained increasing shell hash, sand and mottling towards the lateritic bedrock 
(90cm). The unconsolidated material was not analysed as part of this study. West Coast Swamp 
(WCS01) (S 17.0948, E 139.43964; length 50 cm) developed between dunes, containing open water 
to a maximum depth of 1 m with Typha sp. around the swamp fringe. Woodland surrounds the back 
dune site including Eucalyptus pruinosa, Corymbia setosa and Acacia sp. Four sediment cores were 
collected across a transect and the longest core selected for analysis.  
 
 Stratigraphy and Chronology 
Cores were described in the field noting variations in sedimentary characteristics, inclusions of 
pisoliths and shell hash. Loss on Ignition (LOI) analysis determined the total organic content at 
continuous 1 cm intervals downcore with subsamples dried at 65 ˚C then heated to 450 ˚C. Grain 
size distribution was measured at 1 cm intervals using a Malvern Mastersizer 2000 laser diffraction 
analyser situated at the Australian Nuclear Science and Technology Organisation (ANSTO), 
Sydney, NSW. All samples underwent pre-treatment prior to analysis. First, organic material was 
destroyed using 30% H2O2 heated to 65 ˚C before disaggregating samples in sodium pyrophosphate 
(Na4P2O7). Samples were dispersed using ultrasound (Ryzak and Bieganowski, 2011) and grain size 
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readings taken three times. The mean of each sample determined the percent of clay (<2um), silt (2-
63 um) and sand (>63um) present in each fraction. Grain size parameters including the graphical 
median, standard deviation, skewness and kurtosis after Folk and Ward (1957) were calculated 
using GRADISTAT (Blott and Pye, 2001) (see Appendix V).  
 
A total of 15 Lead-210 (210Pb) and four AMS radiocarbon (14C) bulk sediment samples were 
analysed at ANSTO. The age chronology for 210Pb was determined by measuring radioisotopes 
(Po210 and Ra226) for the top 20cm of each core using alpha spectrometry following Harrison et al. 
(2003). The sedimentation rate and age was calculated using both the constant rate of supply (CRS) 
(Appleby and Oldfield, 1978) and the constant initial concentration (CIC) models (see Appendix 
VI) (Goldberg et al., 1977; Robbins and Edgington, 1975). The CIC chronology was incorporated 
into age depth models as the error margin was smaller and the sedimentation rate was relatively 
consistent across sites. Bulk sediment samples were selected from the basal unit of each core for 
radiocarbon dating. Organic fragments were removed and samples treated with acid and alkali to 
remove humic acids and carbonates before analysis (see Table 1). Radiocarbon dates were 
calibrated using the ShCal13 curve (Hogg et al., 2013). A smooth spline interpolation incorporating 
210Pb and 14C dates produced age depth models using CLAM (Blaauw, 2010) in RStudio (Chazdon 
et al., 2011). The stratigraphy and chronology for each site is shown in Figures 7.2 to7. 4.  
 
Table 7.1: AMS 14C Ages for Marralda Swamp (MARR04), Well Swamp (WS01) and West Coast Swamp (WCS01). 
Dates were analysed at ANSTO. Radiocarbon dates were calibrated using CLAM (Blaauw, 2010) and the ShCal13 
calibration curve (Hogg et al., 2013). All calibrated ages are reported with a 95.4% probability distribution. 
Site Laboratory 
Number 
Sample 
Depth (cm) 
Radiocarbon 
Age BP 
δ13C per 
mil 
Calibrated Age yrs 
BP (95.4%) 
 
MARR04 OZS567 35-36 570 ± 20  -23.7 554 (536) 515 
MARR04 OZR035 46-47 1240 ± 30 -24 1257 (1114) 986 
WS01 OZR037 48-49 420 ± 25 -19.4 502 (461) 328 
WCS01 OZR036 48-49 575 ± 25 -16.9 560 (538) 510 
 
 Geochemical Analysis 
All cores were scanned using the ITRAX µXRF scanner for sedimentological evaluation at 
ANSTO. ITRAX produces high resolution RGB and X-radiographic images which aid in 
identifying subtle changes in stratigraphy. Micro-XRF elemental profiles from aluminium to 
uranium were measured using a Molybdenum (Mo) tube in 1mm increments with an exposure time 
of 10 s per step. Data with significant variations in the total counts generated at the ends of core 
scans indicated gaps or unconsolidated material and were deleted. Presenting un-normalised data 
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may primarily reflect changes in water, carbonates and organic content rather than environmental 
change due to the closed sum effect (Lowemark et al., 2011; Van der Weijden, 2002). Elemental 
data are normalised by the sum of incoherent and coherent scattering to compensate for grain size 
changes, water content and sediment density (Burn and Palmer, 2014; Kylander et al., 2011) before 
being smoothed using a 5-point running mean. A correlation matrix of normalised data identifies 
the strength of association between elements within cores (see Appendix VII). An unconstrained 
principal component analysis (PCA) explores relationships between element within sites and was 
executed in RStudio (RStudio Team, 2015). Samples at 10mm intervals were included in the PCA 
bi-plot to illustrate relationships between elements throughout the cores (Figure 7.5). Single 
elements (Mn, Ti, Fe and Ca) and ratios detecting changes in redox sensitive elements (Mn/Ti and 
Fe/Ti), local hydrology (Ca/Ti, Sr/Ti, Mn/Ti) and organic content (Mo incoherent/Mo coherent) are 
shown in Figures 7.6 to 7.8. 
 
 Results  
7.5.1 Stratigraphy and Chronology 
Radiocarbon and lead-210 ages provide a chronology for each of the sediment cores (see Table 7.1 
and Figures 7.2-7.4). Each core is divided into zones based on optical images, X-radiographs and 
lithogenic changes. Zone 1 in MARR04 (1300-750 cal. yr BP) indicates a high energy environment 
with bimodal, very poorly sorted and coarse silt particles (Figure 7.2). In zone 2 of MARR04 (750-
450 cal. yr BP) the median grain size decreases and sediments become mostly unimodal and poorly 
sorted as the clay and sand component is replaced by silts. Organic material fluctuates in zone 3 of 
MARR04 (500 cal. yr BP- AD 1960) with high organic content present in zone 4 (AD 1960 to 
present). 
 
Zone 1 of WS01 (450-300 cal. yr BP) is characterised by a decreasing median grain size with a 
coarse, very poorly sorted silt transitioning to a medium poorly sorted silt (Figure 7.3). In zone 2 
(300-50 cal. yr BP) sediment briefly becomes a very coarse and poorly sorted silt accompanied by 
an abrupt change in the median grain size around 300 cal. yr BP. WCS01 zone 1 (550-350 cal. yr 
BP) and zone 2 (350-40 cal. yr BP) contain oxidised clays with low organic content (Figure 7.4). 
Sediments remain medium, poorly sorted silt throughout the WCS01 record with median grain size 
increasing in zone 3 (40 cal. yr BP to present). Zone 3 of WS01 (50 cal. yr BP to present) and 
WCS01 (40 cal. yr BP to present) are characterised by high organic content. The results are 
discussed using zonations identified in the lithostratigraphic units. 
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Figure 7.2: Sediment profile of MARR04 including high resolution optical image and X-radiograph of the core 
provided by ITRAX. Age depth models were constructed using CLAM in RStudio (RStudio Team, 2015) with a smooth 
spline age depth model and include CIC modelled 210Pb dates which have a lower error than CRS modelled dates. Grain 
size, median, sorting, skewness and kurtosis after Folk and Ward (1957) were calculated using GRADISTAT (Blott and 
Pye, 2001). Zones discussed throughout the text are identified based on changes in the grain characteristics and images.  
 
Figure 7.3: Sediment profile of WS01. Smooth spline age depth models constructed using CLAM in RStudio (RStudio 
Team, 2015) including CIC modelled 210Pb dates. Grain size, median, sorting, skewness and kurtosis after Folk and 
Ward (1957) were calculated using GRADISTAT (Blott and Pye, 2001). Zones discussed throughout the text are 
identified based on changes in the grain characteristics and images.  
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Figure 7.4: Sediment profile of WCS01. Smooth spline age depth models constructed using CLAM in RStudio (RStudio 
Team, 2015) including CIC modelled 210Pb dates. Grain size, median, sorting, skewness and kurtosis after Folk and 
Ward (1957) were calculated using GRADISTAT (Blott and Pye, 2001). Zones discussed throughout the text are 
identified based on changes in the grain characteristics and images.  
 
7.5.1 Geochemical analysis  
Variations downcore in the elemental data produced by ITRAX µXRF analysis are useful indicators 
of palaeoenvironmental change. The correlation matrix identifies closely associated elements (r 
value ≥0.7 or ≤ -0.7) (supplementary material). Ti, K and Fe are strongly correlated across all sites, 
associated with clay minerals and detrital input (Kylander et al., 2011). Sr and Ca are also strongly 
correlated at all sites, indicating silicate and carbonate weathering in the catchment and/or 
authigenic precipitation (Cohen, 2003). 
 
Principal Component Analysis (PCA) explores the trends in elemental composition within cores. 
The first two axes presented in Figure 7.5 explain 70.5% of the variance in MARR04, 67.4% in 
WCS01 and 73% in WS01. The bi-plot displays every 10 mm of data with elemental composition 
driving the distribution of samples. Detrital elements Ti, Fe, Zn, Rb, K and Zr define the base of all 
cores. The importance of lithogenic elements decreases at all sites and transitions to Ca, Sr and Mn 
exerting the most influence on samples. This change suggests the development of ephemeral, 
groundwater-fed, wetlands as Ca and Sr minerals are produced authigenically during increased 
evaporative concentration and carbonate precipitation and Mn deposits under oxic conditions 
(Kylander et al., 2011; Moreno et al., 2007). Br indicates increased organic content in lakes 
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(Carrevedo et al., 2015; Gilfedder et al., 2011) and characterises the last zone of all cores suggesting 
increased productivity and possibly a wetter period. The PCA results from each core follow a 
similar pattern suggesting comparable stages of wetland development across the island.  
 
Variations in elements through time are shown at MARR04 (Figure 7.6), WS01 (Figure 7.7) and 
WCS01 (Figure 7.8). Normalised element age profiles of Mn, Ca, Ti and Fe show similar trends 
across sites. In zone 1 of MARR04 Fe and Ti is initially high with low or no presence of Ca and 
Mn. Ca and Mn increase significantly after 800 cal. yr BP replacing Fe and Ti. Zone 1 of WS01 and 
WCS01 has high Fe and Ti, comparable to variations seen in MARR04, which declines towards the 
top of both cores. Zones 1 and 3 at WS01 have minimum values of Ca and Mn which increases in 
zone 2 (300-50 cal. yr BP). In zone 2 of WCS01 (350-40 cal. yr BP) high values of Ca and Mn 
decrease from 150 cal. yr BP to minimum values in zone 3.  
 
Figure 7.5: Principal component analysis of µXRF data by depth. Data was analysed and graphed in RStudio (RStudio 
Team, 2015). The first two axes explain 70.5% of the variance in MARR04, 67.4% in WCS01 and 73% in WS01. 
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Figure 7.6: MARR04 age depth profile of organic content (LOI), Ca, Mn, Ti and Fe. Ratios of Mo inc/coh, Ca/Ti, 
Mn/Ti, Sr/Ti and Fe/Ti and zonations identified in the lithostratigraphic figure are included.  
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Figure 7.7: WS01 age depth profile of organic content (LOI), Ca, Mn, Ti and Fe. Ratios of Mo inc/coh, Ca/Ti, Mn/Ti, 
Sr/Ti and Fe/Ti and zonations identified in the lithostratigraphic figure are included. 
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Figure 7.8: WCS01 age depth profile of organic content (LOI), Ca, Mn, Ti and Fe. Ratios of Mo inc/coh, Ca/Ti, Mn/Ti, 
Sr/Ti and Fe/Ti and zonations identified in the lithostratigraphic figure are included. 
 
Ti is often used to normalise data as it indicates allochthonous inputs from the catchment (Cohen, 
2003), is immobile in sediments and resists post depositional influences (Montero-Serrano et al., 
2010). Ratios of Ca, Mn and Fe over Ti can identify within site processes such as biogenic 
production or evaporative concentrations rather than detrital deposition (Davies et al., 2015). Mn/Ti 
and Ca/Ti profiles of all cores show a general increasing trend from the base. Significant peaks and 
troughs are seen in the ratios at WCS in the past 100 cal. yr BP. Fe/Ti is highest in zone 1 of 
WCS01 and MARR04 while WS01 sees little change. LOI and Mo incoherent/Mo coherent reflects 
the organic content of sediments, identifying areas where elemental results may be diluted. Organic 
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content peaks at the top of all cores (between 5 and 20%) and may affect elemental trends (Calvert, 
1983; Rollinson, 2014). 
 
 Discussion 
7.6.1 Wetland development in the Holocene 
Elemental data are used to reconstruct the palaeoenvironmental history of wetlands across Bentinck 
Island by recording relative changes in detrital inputs, sediment characteristics, redox conditions 
and hydrological indicators. Results are discussed for each of the three sites (MARR04, WS01 and 
WCS01) based on the zonations defined by the lithogenic chronology (Figures 7.3 to 7.5). Firstly, 
sediment characteristics and detrital elements are discussed together as they are closely linked, 
followed by the variations in redox sensitive elements which identify periods of aerobic and 
anaerobic environments in the wetlands history and indicate a mangrove phase in MARR04. 
Finally, elements representing site productivity and hydrology are discussed as important indicators 
of local site development and regional environmental change during the Holocene.  
 
Sediment characteristics and detrital inputs Fe, K, Rb, Si and Ti. 
The Wellesley Islands are built upon a lateritic formation composed of ferric oxides, aluminium and 
titanium bearing rocks (Gardner, 1957; Grimes, 1979). The eroding laterite is distributed by runoff 
in the wet season and strong southeasterly winds during the dry season. Fe, K, Ti and, at MARR04, 
Rb represent the terrigenous input into the catchment. Elements occurring in terrigenous silicates 
and oxides characterise the detrital component and are often associated with grain characteristics; 
Fe, K, Ti and Rb with clays and fine grained materials (Cuven et al., 2010; Kylander et al., 2011), 
Si with coarse silt and sand. Detrital indicators are a proxy for changes in runoff within a catchment 
(Corella et al., 2012; Metcalfe et al., 2010), detrital input (Balascio et al., 2011) or aeolian 
deposition (Bakke et al., 2009).  
 
The Marralda wetland on the south east coast of Bentinck Island is protected from strong 
southeasterly winds by a low beach ridge. Zone 1 of MARR04 (1,250-750 cal. yr BP) is 
characterised by > 50% sand content, pisolith inclusion and marine shell hash (Figure 7.2). The 
correlation matrix (supplementary material) and PCA of elemental profiles (Figure 7.5) at MARR04 
show K, Ti, Fe, Zr and Rb correlate with Silicon (Si) reflecting the silicate component of the basal 
unit which is absent from other more protected sites. The zone 1 sediment is very poorly sorted (5-6 
ơG) with a large median grain size (>20µm) indicating rapid deposition of sediment with minimal 
sorting. The grain size distribution is very finely skewed (-0.5 SkG) and very platykurtic suggesting 
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selective sifting of particles. Pisoliths are likely transported to the site via runoff or fluvial 
deposition. The presence of marine shells, grain size and sorting suggest zone 1 of MARR04 was a 
supratidal environment with wave-washed sediment deposition. Maximum Ti and Fe content in 
zone 1 indicate a greater contribution of detrital material and fine grained sediments, possibly from 
the river now further south discharging sediment on to tidal mudflats which later formed the 
Marralda wetlands (Figure 7.2). Alternatively storm surges may have washed over a low frontal 
dune depositing sand, shell hash and detrital material in the developing swale. This interpretation is 
supported by the basal sediment found across the Marralda wetlands (see Moss et al., 2015). 
 
Zone 2 (750-425 cal. yr BP) of MARR04 is defined by significantly decreasing grain size and 
increasing silt (>50%) which suggests a low energy environment. In zone 2 Ti and Fe decrease with 
the clay content. Reduced counts of detrital elements and changes in the grain size support the 
hypothesis of river diversion and seaward ridge formation caused a reduction in fluvial and marine 
input to the system (Woodroffe, 1992). Poorly sorted, symmetrical mesokurtic and leptokurtic grain 
distributions indicate aeolian sorted sediment deposition increased in zone 2. At MARR04 the 
declining importance of detrital components and increased aeolian input marks the boundary 
between zones 1 and 2. Interestingly, neither the geochemical or sedimentary data detects evidence 
of the 1948 cyclone event that reportedly inundated freshwater resources across the island. This 
may be due to the vegetated fore dunes, and the sites distance from the coast (250m). 
 
Well Swamp (WS01, 450 cal. yr BP) and West Coast Swamp (WCS01, 550 cal. yr BP) are located 
behind a series of parallel dunes and swales within 1km of the coast. Elemental and grain size data 
suggest comparatively stable systems without the significant changes in catchment morphology 
seen in the MARR04 record. Sediment characteristics of zone 1 WS01 (450-300 cal. yr BP) is 
platykurtic with a very coarsely skewed (>0.5 SkG) profile indicating detrital material is the primary 
component and possible soil formation (Figure 7.3). WCS01 zone 1 (550-350 cal. yr BP) remains a 
poorly sorted medium silt with platykurtic distribution, while kurtosis increases slightly from zone 
1-3 suggesting shallowing of the system (Figure 7.4).  
 
Ti and Fe peak in zones 1 of WS01 and WCS01 are associated with slightly higher clay content and 
low median grain size. At WS01 sampling with a sand auger below the reach of the D-Section 
revealed an unconsolidated, sandy sediment with shell hash and pisoliths comparable to zone 1 of 
MARR04. Increased Ti is often cited as an indicator of increased rainfall or runoff (Davies et al., 
2015). However, high counts of Ti in WS01 and WCS01 between 500-300 cal. yr BP indicated 
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detrital input to exposed sites from erosion and weathering of exposed lateritic bedrock. At WS01 a 
distinct peak in sand (>40%), median grain size and a shift to finely skewed grain distribution 
around 300 cal. yr BP suggests a storm event on the northwest coastline. Interestingly this is not 
recorded in the elemental data, highlighting the importance of comparing sediment analysis to 
geochemical records. An increase in the grain size in zone 3 at WCS01 associated with sand content 
may indicate increasing erosion and transportation of sediment on the south coast in the last 100 
years. 
 
Redox conditions and Mangrove environments Fe/Ti, Mn/Ti.  
Post depositional mobilization of elements can affect the distribution of Fe and Mn within a 
sediment profile and overwhelm an environmental signal. In this study Fe correlates with Ti across 
all sites and is primarily sourced from weathering of the lateritic bedrock. Sharp peaks in the Fe/Ti 
ratio identifies reducing conditions and diagenetic iron as Fe is redox sensitive and Ti is inert 
(Rothwell and Croudace, 2015). If Mn/Ti inversely correlates with Fe/Ti the reduced iron species 
(Fe2+) likely donated an electron in the reduction of Mn. This reaction produces Mn2+ which is 
mobile and Fe3+ which forms immobile complexes in the sediment (Kylander et al., 2013). The 
dissimilatory reduction of Fe and Mn can occur in anaerobic environments such as those created by 
decomposing organic material consuming oxygen in sediments (Davison 1993). Water-logged 
sediments are also depleted in oxygen allowing redox transformation of susceptible elements to 
occur at the oxic/anoxic boundary.  
 
In zone 1 of MARR04 Fe and Ti peak with the high clay content (15-25%) and iron pisoliths are 
present. Fe/Ti peaks significantly while Mn and Mn/Ti is absent in zone 1 indicating an anoxic 
event between 1250 and 800 cal. yr BP. Mangrove forests are waterlogged anaerobic environments, 
with sulphate ions and reduced Fe3+ accumulating as iron sulphides in sediments (eg: Berner, 1970; 
Clark et al., 1998; Wada and Seisuwan, 1986). Mangroves form on wave dominated coasts where 
rivers discharge fluvial sediment onto the shoreline (Woodroffe 1992). The PCA analysis of 
MARR04 data show sulphur defines the sediment profile between 1250 and 800 cal. yr BP, with a 
peak in the organic material (LOI), Mo ratio and clay content during the anoxic zone, suggesting a 
mangrove phase. In the Gulf of Carpentaria the late Holocene sea level highstand (+ 2m above 
pmsl) receded in the last ca. 2000 years (Lewis et al., 2013; Nakada and Lambeck, 1989; Reeves et 
al., 2008). The basal sediment in the Marralda wetlands [both MARR04 and MARR01 published by 
Moss et al., (2015)] initially records a supratidal environment, with palynological results suggesting 
a diverse mangrove community and the final stage of the late Holocene ‘Big Swamp’ phase 
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occurring around 500 cal. yr BP. The mangrove community is replaced by an organic rich swamp 
only in the last ~70 years, suggesting variable timing in mangrove and swamp development across 
the catchment depending on proximity to the coast.  
 
At WCS01 and WS01 the Fe/Ti and Mn/Ti records vary independently. At WCS01 between 550-
450 cal. yr BP, Fe/Ti is at its maximum and Mn/Ti at a minimum, as found in zone 1 of MARR04. 
However, there is no accompanying peak in organic material to suggest anaerobic conditions or a 
mangrove community.  
 
Freshwater availability and wetland productivity Ca, Mn and Sr. 
Freshwater is a scarce and valuable resource in the semi-arid South Wellesley Islands. Ca and Sr 
indicate regional carbonate weathering within the catchment or in situ precipitation of CaCO3 and 
co-precipitation of SrCO3 during evaporative concentration and saturation. Wetlands on Bentinck 
Island are fed by groundwater high in Ca and Sr, which collects on the buried lateritic bedrock 
during the monsoon season and percolates through the porous soils, feeding freshwater sites during 
the dry season. Normalizing Ca and Sr by Ti removes the silicate mineral component introduced 
with detrital material, with Ca/Ti and Sr/Ti indicating authigenic carbonates or changes in the 
catchment’s sediment source and size (Kylander et al., 2013). Small freshwater molluscs are 
occasionally present in the Marralda Wetland core, and may contribute biogenic carbonates. 
However, Ca/Ti and Sr/Ti values are unaffected across sites by marine shells in the basal unit, and 
the ratios are thought to predominantly record authigenic carbonates. Variations in Mn can identify 
a climatic signal if unaffected by post depositional processes. Except for zone 1 of Marralda Swamp 
Mn/Ti varies independently from Fe/Ti in all cores suggesting the elemental signal is intact. 
Manganese oxides precipitate in aerobic conditions, migrating up to the oxic transition zone 
(Davison, 1993; Kylander et al., 2011; Lowemark et al., 2008). In a wetland environment increased 
oxygenation may occur due to mixing by winds, reduced water levels or by excessive 
photosynthetic activity in the surface waters (Davison, 1993). 
 
At MARR04, Ca and Sr significantly increase at 800 cal. yr BP as the grain size and sediment 
source change, with an absence of shell hash. After 800 cal. yr BP Ca/Ti and Sr/Ti signals remain 
relatively high suggesting the site was fed by groundwater, with authigenic deposition of elements 
occurring during periods of low water levels or drying out of the wetlands. At the beginning of zone 
2 (750-450 cal. yr BP) wetter conditions and a more permanent wetland environment is suggested 
by relatively low Mn and Mn/Ti counts. Ca/Ti increases indicating a decrease in detrital input as the 
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wetlands are supplied with groundwater rather than rainfall/runoff and the catchments sediment 
source comes primarily from biotic processes within the site and aeolian deposition. 
 
In zone 3 of MARR04 (450 cal. yr BP- AD 1960), Ca/Ti, Sr/Ti and Mn/Fe ratios increase suggesting 
a drying phase encompassed the last 500 years. Mn/Ti peaks in zone 3 correlate with the Mo ratio 
and LOI results, indicating short periods of increased organic material possibly associated with a 
shallow vegetated wetland. At WS01, Fe and Ti peak between 200-150 cal. yr BP with declining 
Sr/Ti, Ca/Ti and Mn/Fe suggesting a period of increased water depth which is absent from other 
sites. The drying trend beginning 500 cal. yr BP at MARR04 occurs at 150 and 100 cal. yr BP at 
WS01 and WCS01, respectively, indicating shallower water resources across the island. From AD 
1950 to present cores record higher organic content across the island suggesting increased local 
biomass and productivity and a recent wet phase within wetlands.  
 
Palaeoenvironmental context. Micro XRF analysis of palaeoenvironmental records from the South 
Wellesley Islands provides information on wetland development, local hydrological changes and 
regional climate signals during the late Holocene. The three sites examined in this study began to 
accumulate sediment 1,200 years ago with wetlands developing 800 and 400 cal. yr BP. Initially 
MARR04 and WS01 record a basal unit containing siliciclastic sediment with abundant marine 
shell fragments, suggesting a high energy, coastal environment predates wetland development. The 
different timing of coastal environments at MARR04 (1,250 cal. yr BP) and WS01 (475 cal. yr BP) 
likely reflects local rates of coastal progradation, with the south east coast developing earlier due to 
availability of sediment. The recent development of sites can be explained by a higher than present 
sea level in the mid to late Holocene restricting coastal and wetland development. Sea levels higher 
than present dropped to modern levels only in the last 2000 years around northern and northeastern 
Australia (Lewis et al., 2013; Sloss et al., 2007; Woodroffe, 2002). Hydro-isostatic flexing of 
northern Australia’s wide continental shelf is thought to explain the variable timing and magnitude 
of the mid-Holocene sea level highstand and its subsequent fall to present levels (Chappell et al., 
1982; Lambeck, 2002; Lambeck and Nakada, 1990; Lewis et al., 2013; Woodroffe, 1993). In the 
northwest Joseph Bonaparte Gulf sea levels reached modern heights around 6,000 cal. yr BP 
(Clarke and Ringis, 2000; Lewis et al., 2013; Yokoyama et al., 2000) followed by a 1-2m highstand 
(Jennings, 1975; Lees, 1992; Lessa and Masselink, 2006). Beach ridges on the Sir Edward Pellew 
Group record emergence of around 1.6m in the last 5,100 years (Chappell et al., 1982). Close to the 
South Wellesley Islands, the supratidal chenier ridges at Karumba in the southern Gulf of 
Carpentaria suggest sea levels were + 2.5m above pmsl at 6,400 cal. yr BP before smoothly falling 
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to modern levels after 1,000 cal. yr BP (Chappell et al., 1982; Lewis et al., 2013; Rhodes, 1982; 
Rhodes et al., 1980). The accuracy of chenier deposits to record past sea levels is questioned (Lewis 
et al., 2013) however, emergence in the southern and eastern parts of the Gulf of Carpentaria is 
supported by deltaic studies of the McArthur and Gilbert Rivers (Jones et al., 2003; Nott, 1996; 
Woodroffe and Chappell, 1993). 
 
Hydro-isostatic adjustment can explain emergent shorelines in the Gulf of Carpentaria (Chappell, 
1983; Chappell et al., 1982) and suggests that the Wellesley Islands experienced a sea level 
highstand between 1-2 meters which gradually fell to modern levels in the last 1,000 years. As sea-
levels fell to modern levels, prograding coastlines developed and wetlands formed behind dunes, 
swales and cheniers (Chappell, 1988; Woodroffe, 1988). Geochemical records from Bentinck Island 
fit within this regional model, suggesting sea level reached modern datum in the last 1,000 years in 
the southern Gulf of Carpentaria.  
 
Palaeoenvironmental records from tropical northern Australia are often further removed from direct 
sea level influence, either in distance or elevation, than sites presented in this paper. However, we 
find the timing of wetland development across Bentinck Island is comparable to records from the 
coastal lowlands of northern Australia implying climate played a role in the expansion of wetlands 
within the last 2,000 years. Swamp vegetation expands across Cape York Peninsula after 2,700 cal. 
yr BP suggesting an increase in freshwater availability (Butler, 1998; Stephens and Head, 1995). A 
recent study from Big Willum Swamp on the Cape York Peninsula found a permanent body of 
water developed in the last ,2200 cal. yr BP with the greatest depth and extent reached within the 
last 600-400 years (Stevenson et al., 2015). Further north in the Torres Strait Islands freshwater 
swamps developed by 2,600 cal. yr BP (Rowe, 2007a). Torres Strait Island records show dark 
organic mud replaced a sandy profile within the last 981± 47 yr BP at Boigu Gawat 1 and 
approximately 671±19 yr BP at Boigu Gawat 2 suggesting wetlands became more productive, 
organic material increased and coastal influence was reduced (Rowe, 2015). In the southwest Gulf 
of Carpentaria on Vanderlin Island a lake developed 4,500 cal. yr BP with organic sediments 
increasing in the last 2,000 years (Prebble et al., 2005). Further west in the Gulf of Carpentaria on 
Groote Eyland a seasonal swamp formed 5,000 cal. yr BP, expanding in the last 1,000 years as 
effective precipitation increased (Shulmeister, 1992). At Black Spring in the Kimberley region a 
prolonged and severe drought occurred from 2,400 to 1,300 cal. yr BP (McGowan et al., 2012). 
Fluvial sediments and aquatic taxa increased at Black Spring from 1,300 cal. yr BP to present 
suggesting the modern summer Australian monsoon climate developed, increasing summer rainfall 
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to the region (McGowan et al., 2012). Across the Magela floodplains Clark and Guppy (1988) 
found mangrove forests transitioned to freshwater swamps 1,300 years BP. The recent development 
of wetlands on Bentinck Island fits within the wider context of site development across northern 
Australia during the late Holocene. The regional development and expansion of freshwater sites 
across northern Australia is driven by both sea level and climate during the late Holocene.  
 
 Conclusion 
This paper presents the first high resolution elemental analysis from palustrine environments in 
tropical northern Australia. Geochemical and physical sediment characteristics from wetlands 
across the South Wellesley Islands reconstruct variations in the detrital input from local weathering 
and erosion (Fe, K, Rb, Ti and Zr), wetland productivity (Br, Ca, Mn, Mo ratio, Ca/Ti and Mn/Ti) 
and redox environments (Mn/Ti and Fe/Ti) during the late Holocene. Results suggest sea-level 
fluctuation and coastal progradation determined the timing of wetland development on Bentinck 
Island, with sites transitioning from coastal environments to wetlands between 800 and 400 cal. yr 
BP. The expansion of sites reflects the regional trend of increasing freshwater availability across 
northern Australia during the late Holocene. This study shows elemental proxies from the ITRAX 
µXRF core scanner provide palaeoenvironmental records from wetland sediments in tropical 
northern Australia.  
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Chapter 8 
 
Coastal wetland development and fire regimes in the late 
Holocene, northern Australia 
 
 
Chapter 8 incorporates palynological results and charcoal analysis to investigate past vegetation 
and fire regimes during the late Holocene. This chapter forms the following paper, which is in 
preparation. 
 
Mackenzie L, Moss P, Ulm S, Jacobsen G. 2016. Coastal wetland development and fire regimes in 
the late Holocene, northern Australia. The Holocene.  
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 Coastal wetland development and fire regimes in the 
late Holocene, northern Australia 
 
Abstract 
This study presents three records of environmental change during the late Holocene from wetlands 
across Bentinck Island in the South Wellesley Islands, northern Australia. Palynological results 
show initial changes in the vegetation are driven by late Holocene sea level regression and coastal 
progradation, as a diverse mangrove community transitions to woodland and wetland communities 
over the last 850 years on the southeast coast. This study found freshwater wetlands expanded 
across Bentick Island over the last 500 years, with the abundance of sedges and rushes peaking in 
the last 350 years. Macroscopic and microscopic charcoal records highlight the spatial and temporal 
variation in fire regimes across the island, reflecting the traditional fire management practices of the 
Kaiadilt people during the late Holocene. This study indicates the area burned significantly 
increased around AD 1950, when Indigenous fire practices were disrupted and the South Wellesley 
Islands abandoned. The pollen record found there was little change in the vegetation despite the 
changing fire regime, highlighting the importance of multi-proxy approaches to reconstructing past 
environments in tropical northern Australia where vegetation is adapted to fire.  
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 Introduction 
Palaeoenvironmental records from the coastal lowlands of tropical northern Australia found 
vegetation communities significantly changed during the Holocene (Chappell, 1988; Proske, 2016; 
Woodroffe et al., 1985). The current vegetation is a product of changes in sea level, climate and fire 
activity. Sea-level rise in the early Holocene and a highstand in the mid-Holocene inundated coastal 
regions of northern Australia, and allowed mangrove communities to reach their maximum extent 
during the ‘big swamp’ phase (Woodroffe et al., 1985). In the mid- and late Holocene, mangrove 
communities declined due to sediment accretion, falling sea levels and prograding shorelines. As 
mangrove communities contracted, sparsely vegetated hypersaline mudflats expanded in low-lying 
regions (Proske, 2016; Reeves et al., 2013; Woodroffe, 1993, 2000; Woodroffe and Grindrod, 
1991). Mangroves and saline mudflats transitioned to freshwater wetlands during the late Holocene 
as the prograding shoreline formed coastal swales and redirected palaeochannels, with wetland 
development relating to the local geomorphic processes as sea-levels fluctuated, and freshwater 
input increased (Barham, 1999; Chappell, 1988; Crowley and Gagan, 1995; Moss et al., 2015; 
Proske et al., 2014b; Rowe, 2006, 2015; Woodroffe, 1988).  
 
Climate has also played a role in vegetation development and wetland expansion during the 
Holocene. The last 5,000 years are characterised by a drying trend across the Gulf of Carpentaria 
region, with climate becoming more variable throughout northern Australia as the strength and 
intensity of El Niño-Southern Oscillation (ENSO) increased and the summer monsoon activity was 
weakened (Denniston et al., 2013; Donders et al., 2007; Gagan et al., 2004; Prebble et al., 2005; 
Rowe et al., 2013). The summer monsoon strengthened from 1200 cal. yr BP (calendar years Before 
Present), coinciding with several freshwater swamps and lakes developing, becoming permanent or 
expanding in the last 2,700-1,000 years (McGowan et al., 2012; Proske, 2016; Rowe, 2007b, 2015; 
Shulmeister, 1992; Stephens and Head, 1995; Stevenson et al., 2015). Changes in the effective 
precipitation during the Holocene caused rainforest vegetation and wetland taxa such as 
Restionaceae and Cyperaceae to increase in palynological records (Luly et al., 2006; Prebble et al., 
2005; Rowe, 2007b, 2015; Shulmeister, 1992).  
 
Many palaeoenvironmental studies from northern Australia record increased anthropogenic fire 
during the Holocene, complicating the causal relationship between climate, geomorphic processes 
and vegetation (see: Prebble et al., 2005; Rowe, 2015; Shulmeister, 1992). Fire significantly affects 
vegetation composition and distribution in northern Australia (eg: Bowman et al., 2010). The 
regional climate promotes frequent bushfires associated with the dry-season dominant southeasterly 
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winds, low humidity and high temperatures (Gill et al., 1996). The majority of fires are 
anthropogenic, with lightning strikes igniting a small proportion during the transition from the dry 
to wet season (Bowman et al., 1988; Yibarbuk et al., 2001). Human populations expanded across 
tropical northern Australia in the last 6,000 years, with the majority of tropical sites indicating 
increased exploitation of coastal resources in the late Holocene (Ulm, 2011; Williams et al., 2015b). 
Shell-mound building peaked between ~4000 and 500 years ago as prograding shorelines increased 
intertidal shellfish resources (Brockwell et al., 2009) and the re-settlement of previously abandoned 
islands occurred, including the Wellesley and the Sir Edward Pellew groups in the Gulf of 
Carpentaria (Rosendahl et al., 2015; Sim and Wallis, 2008). Archaeological studies suggest the 
expansion into marginal areas, such as offshore islands, was a response to reduced resource 
availability (Williams et al., 2010; Williams et al., 2015a).  
 
This study reconstructs vegetation change and fire regimes in the South Wellesley Islands in the 
southern Gulf of Carpentaria, tropical northern Australia. Records based on microscopic and 
continuous macroscopic charcoal were used to investigate regional and local fire regimes 
independent from the palynological records, providing a record of anthropogenic fire. Palynological 
analysis of sediments from three wetlands on Bentinck Island provide new records of vegetation 
and wetland expansion during the late Holocene, building on work by Moss et al. (2015) and results 
from Chapter 7. The pilot study by Moss et al. (2015) produced a 2,400 year record of vegetation 
change and regional fire from a coastal wetland site dominated by mangrove vegetation. Results 
found the site was affected by the 1948 cyclone, with a freshwater wetland developing in the last 
~60 years (Moss et al., 2015). Uncertainty in the age-depth model in the pilot study is improved in 
this study by incorporating lead-210 and radiocarbon dates for each of the sites. In addition, the 
spatial resolution was improved by examining three sites across Bentinck Island, building a regional 
record of wetland development, fire regimes and vegetation change during the late Holocene. This 
chapter examines the relationship between anthropogenic and climate-driven environmental change, 
and their combined impact on vegetation composition and distribution across Bentinck Island 
during the late Holocene.  
 
 Study Site 
Bentinck Island (144 km2) is the largest of the South Wellesley Islands and is situated 26 km off the 
coast in the southern Gulf of Carpentaria, northern Australia (Figure 8.1; 17˚04’S, 139˚29’ E). On 
Bentinck Island lateritic outcrops form cliffs up to 5m high along exposed coastlines and inland 
mudflats, with extensive Holocene sand dunes reaching 22m above mean sea level along the 
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northeast coast (Grimes, 1979). Sheltered coastal margins are characterised by mangroves, with 
exposed coastlines supporting sandy beaches and beach ridges. 
 
Figure 8.1: Map of the South Wellesley Islands, with sites of cores for palaeoenvironmental reconstructions (circles) 
and archaeological excavations (stars) discussed in text. 
 
The regional climate is seasonally variable, with prevailing winds and rainfall driven by the 
Australian Monsoonal system (Nix, 1983; Sturman and Tapper, 1996; Suppiah, 1992). 
Southeasterly winds dominate during the long dry season from April to October. During the short 
wet season (November-March), the region receives ~90% of its annual rainfall and winds are light 
and variable, predominantly from the northwest. The region receives an average of 1200 mm of 
rainfall per annum with an average monthly temperature maximum of 33˚C and minimum of 16˚C 
(Bureau of Meteorology, 2016a). 
 
The traditional owners of the South Wellesley Islands are the Kaiadilt people. An extensive 
radiocarbon dating programme of Kaiadilt occupation sites demonstrates that people visited the 
South Wellesley Islands during the last 3,500 years, with permanent occupation in the last 1,500 
years and intensified occupation occurring over the last 700 years (Memmott et al., 2016). The 
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Kaiadilt community was relocated to the Mornington Island Mission in 1948 after a cyclonic tidal 
surge inundated freshwater resources across Bentinck Island (Tindale, 1962b). During a visit to the 
South Wellesley Islands in the early 1960s, the ethnographer Norman Tindale noted the Kaiadilt 
population was in decline due to disease, social conflict and drought prior to the cyclone in 1948 
(Tindale, 1962b: 299-300). Bentinck Island is currently uninhabited, with infrequent seasonal 
visitation typically occurring during the drier months.  
 
The Wellesley Islands vegetation is characterised as typical northern Australian tropical savanna, 
dominated by sclerophyll trees, particularly eucalypts, and a grass understorey (Stern et al., 2000). 
Vegetation surveys by Thomas and Pedley (2005), Rosendahl (2012) and the author (see Chapter 5) 
describe the vegetation of Bentinck Island. The island is divided by a low-lying central mudflat, 
which is regularly inundated by high tides and dominated by Chenopodiaceae, with claypans and 
ephemeral streams draining seasonal rainfall towards the coast. Mangrove communities dominated 
by Rhizophora stylosa, Ceriops tagal and Bruguiera exaristata species occupy saline mudflats and 
shorelines. Coastal dunes support open grasslands dominated by Spinifex spp. with occasional 
Pandanus spiralis and Melaleuca acacioides. Eucalyptus, Corymbia and Acacia spp. form the 
dominant tropical savanna communities on back dunes and the nutrient-poor soils of the island’s 
interior. Melaleuca spp. characterise the vegetation community in poorly-drained freshwater areas 
and genera of Cyperaceae and Typhaceae are common. Monsoon vine thicket communities are 
found in small patches across a range of soil types, however distribution is restricted primarily by 
fire regimes, rather than edaphic controls (Russell-Smith, 1986; Shulmeister, 1994; Stocker, 1966). 
The fire sensitive species are restricted to protected sites in the South Wellesley Islands, such as in 
the fire-shadow of dunes and ridges sheltered from the prevailing dry season southeasterly winds. 
Canopy tree species include Diospyros humilis, Celtis spp., Canarium australianum and Mallotus 
nesophilus. 
 
Marralda Wetlands: 
The Marralda Wetlands (MARR04; S 17.09631, E 139.54265; 3m above modern sea level) are a 
series of swamps running parallel to the coastline, occupying swales that developed as the shoreline 
prograded in the late Holocene on the southeast coast of Bentinck Island (see Chapter 7 and Moss et 
al., 2015). Coastal dunes adjacent to the Marralda Wetlands support abundant shell middens, with 
archaeological excavations at the nearby Jirrkamirndiyarrb and Murdumurdu (Figure 8.1), 
suggesting people visited the local region as early as 3,500 cal. yr BP (Ulm et al., 2010). The 
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majority of archaeological material across the South Wellesley Islands is dated to the last 700 years 
suggesting intensified use of the region from this time (Memmott et al., 2016; Ulm et al., 2010).  
 
West Coast Swamp: 
West Coast Swamp (WCS01; S 17.0948, E 139.43964; 5m above modern sea level) is located 
behind a series of dunes similar to that seen at the Marralda Wetlands. The west coast is isolated 
from the rest of the island by a central supratidal mudflat. The immediate region around West Coast 
Swamp lacks the large cultural deposits found at other sites and the vegetation shows no evidence 
of recent fires; however, surface archaeological deposits are present within 1km of the site.  
 
Well Swamp: 
Well Swamp (WS01; S 16.9846, E 139.49504; 2m above modern sea level) is an ephemeral 
wetland located on the northeast coast of Bentinck Island. Archaeological evidence from the area 
shows sparse activity from c.1300 cal. yr BP with most sites, including the extensive Thundiy shell 
midden site nearby (Nagel et al., 2016) dating to the last 700 years. Well Swamp provided 
freshwater via a series of wells dug into the moist soils and is now accessed by a sunken concrete 
structure. This site is ephemeral and the basin was dry during sampling. 
 
 Methodology 
Cores were collected in July 2012/2013 using a D-section hand corer. Cores were described in the 
field and subsampled in the laboratory.  
8.3.1 Chronology 
Six subsamples from each core were analysed for lead-210 (210Pb) at the Australian Nuclear Science 
and Technology Organisation (ANSTO), in order to identify the sedimentation rates for the last 120 
years (see Chapter 6, 7 and Moss et al., 2015). The 210Pb dates were produced using the constant 
initial concentration model (Goldberg et al., 1977; Robbins and Edgington, 1975). Five bulk 
sediment samples were AMS radiocarbon dated (14C) at ANSTO and are included in Chapter 6 and 
7. Radiocarbon ages were calibrated using the ShCal13 curve (Hogg et al., 2013). Age-depth 
models for each site combined the 210Pb with the AMS 14C dates using the CLAM package for the R 
studio software (Blaauw, 2010; RStudio Team, 2015).  
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8.3.2 Pollen and charcoal analysis 
Cores were subsampled for pollen and microscopic charcoal analysis depending on the 
sedimentation rate. The MARR04 samples were processed every 4cm between 0-20cm and every 
2cm between 20-50cm. The WS01 core was sampled every 2cm and the WCS01 record at every 
2cm between 0-30cm, then every 4cm due to poor pollen preservation. Sample preparation for 
pollen and microscopic charcoal followed the technique of Moss (2013). Samples were 
disaggregated in 10% tetra-sodium pyrophosphate (Na4P2O7.10H2O) before adding a Lycopodium 
marker tablet to samples to determine the relative concentrations of microscopic charcoal and 
pollen. Sieving through a 200 m mesh and 8 m nylon mesh removed organic and inorganic 
particles outside the range of pollen grains. Heavy-liquid flotation (3Na2WO4.9WO3.H2O) with a 
specific gravity of 1.9 separated the organic fraction from inorganic sediments, before treating the 
remaining pollen fraction with acetolysis. Pollen grains were counted using a light microscope at 
400x magnification, with pollen identification aided by the Australian Pollen and Spore Atlas 
(http://apsa.anu.edu.au/) and the extensive work on mangrove pollen by Thanikaimoni (1987) and 
Mao et al. (2012). 200 grains were identified per sample when pollen concentrations were 
sufficient. The pollen sum of all taxa are displayed using TG View (Grimm, 1987, 2004). 
Constrained incremental sums of squares (CONISS) cluster analysis was used to statistically 
determine zonation (Grimm, 1987, 2004). Microscopic charcoal (black, opaque, angular particles 
>10µm) was counted across three transects on slides prepared for pollen. The small particles travel 
long distances, and represents regional fire (Whitlock and Larsen, 2001).  
Subsamples (1cm3) were taken at 1cm increments for macroscopic charcoal analysis (>125µm) 
following the methodology of Stevenson and Haberle (2005). Samples were bleached overnight and 
then sieved through a 125µm sieve. Charcoal was counted using a Leica stereo microscope and 
counts analyzed using CharAnalysis (Higuera et al., 2009). Peaks in the charcoal accumulation rate 
(pieces cm-2 yr -1) identify local fires (0.5-1km) (Higuera et al., 2008). Charcoal data were first 
interpolated to 5 year intervals, based on the average temporal resolution of the records. The low 
frequency variations, Cbackground, representing changes to secondary transport, sedimentation, mixing 
and charcoal production, were removed, leaving a residual series, Cpeak (Cpeak = Cinterpolated - 
Cbackground) (Higuera et al., 2008; Higuera et al., 2009; Rhodes, 1998). Cpeak includes: Cnoise 
composed of variability from sediment mixing, sampling, natural and analytical noise; and Cfire 
identifying charcoal input related to local fires. Cnoise was calculated using a Gaussian mixture 
model, with the 95th, 99th and 99.9th percentiles as possible thresholds to identify fire events. 
Cbackground was estimated using a robust locally weighted regression with 300 year window as it 
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maximized the signal-to-noise index and the Cnoise goodness-of-fit (Higuera et al., 2009). Peaks that 
passed the locally-defined threshold test were compared to the raw charcoal counts, with peaks 
disqualified if they had a >5% chance of being from the same Poisson-distribution population as the 
minimum charcoal count within the prior 75 years (Higuera et al., 2008).  
 
 Results 
8.4.1 Stratigraphy and chronology  
The basal unit of MARR04 was a fine- to medium-grained brown/grey muddy sand, with large 
amounts of shell hash and pisoliths present (Munsell colour: 7.5YR 4/1). This unit grades into a 
dark brown, sandy mud as both clay and sand decreased, with organic content increasing in the final 
unit (7.5YR 2.5/2). The WCS01 core consisted of a medium, poorly sorted silt with mottling 
present in the greyish brown basal sediment (7.5YR 5/2). There is a transition to a brown/grey silt 
from 35cm to the top of the core (7.5 YR 6/1). The top 2cm contained more organic material and is 
a brown/grey (7.5YR 4/1). At WS01 a 50-90 cm core was sampled using a sand auger, with 
sediment found to contain increasing shell hash and sand directly above the lateritic bedrock 
(90cm). The unconsolidated material was not analysed as part of this study. The basal unit of the 
WS01core collected for analysis is a coarse, poorly sorted silt, light grey in colour (7.5YR 7/1), 
transitioning to a brown/grey silt at 15 cm depth (7.5YR 4/1) and brown/black silt (7.5YR 3/1) with 
high organic content in the top 7cm. Coring at MARR04 and WS found a common basal units 
consisting of fine oxidised clays, shell hash and pisoliths. 
 
A smooth spline interpolation built continuous age-depth models for each core, incorporating the 
CIC modelled 210Pb and calibrated 14C dates (see: Chapters 6 and 7). Chronologies show all cores 
are of late Holocene age, with sedimentation rates increasing at MARR04 and WCS01 in the last 50 
and100 years, respectively.  
 
8.4.2 Pollen and charcoal analysis 
The pollen assemblages of the cores are shown in Figures 2-4, with a summary and full pollen 
diagram for each site. Summary diagrams include a high resolution and x-radiograph image of the 
sediment cores taken with the ITRAX XRF core scanner at ANSTO. The pollen distribution (%) is 
divided into sclerophyll taxa, Chenopodiaceae, herbs and grasses, mangroves and aquatic’s. The 
summary diagram shows the pollen concentration (grains/cm3), raw macroscopic charcoal counts 
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(particles/cm3/yr) and microscopic charcoal concentration (particles/cm3) for each site. Zones 
defined by CONISS are included in the summary diagrams.  
 
Full pollen diagrams are plotted against age, with taxa separated into monsoon vine thicket, 
sclerophyll taxa, herbs, grasses and vines, freshwater aquatic’s and mangroves. Pollen which 
contribute less than 1% of the pollen sum are included as ‘present’ (black circle). 
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Figure 8.2: MARR04 pollen and charcoal results including (a) Summary diagram including high resolution imaging, sedimentary characteristics, pollen distribution, microscopic and 
raw macroscopic charcoal results.(b) Full pollen diagram plotted against age, including Monsoon Vine Thicket, Sclerophyll Taxa, Herbs, Grasses & Vines, Aquatic’s and 
Mangroves. CONISS defines zonations. 
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8.4.3 Core MARR04 (Figure 8.2) 
 
MARR04-A: 50-42.5cm depth, ca. 1250-850 cal BP 
Zone A of MARR04 was defined by the highest occurrence of several mangrove types (>65%) 
including Rhizophora spp. (40-50%), Ceriops/Bruguiera spp (2.5-15%), Aegiceras corniculatum 
(approx. 10%), Acanthus spp (approx. 2%), Avicennia marina, Excoecaria spp, Plumbaginaceae 
spp and Lumnitzera spp (all <4%). Poaceae (14-18%) and Eucalyptus (3-5%) were the most 
frequent non-mangrove types, along with Chenopodiaceae (2-5%), which reached its highest 
abundance in Zone A. Pandanus and Melaleuca (< 2%) and the monsoon vine thicket taxa Mallotus 
(<1%) was also present. Charcoal concentrations were at their minimum (macroscopic charcoal: 3 
particles/cm3/yr; microscopic charcoal: 5 x 104 particles/cm3) and the pollen concentration at its 
maximum (133 x 103 grains/cm3) in this zone.  
 
MARR04-B: 42.5-32cm depth, ca. 850-350 cal BP 
Zone B was dominated by open woodland and savanna vegetation. Poaceae (23-33%) reached its 
highest value, with Eucalyptus (10-20%), Melaleuca (1.5-14.5%) and Pandanus (6-10%) 
increasing. Zone B continued to have high values of Rhizophora (16-35%), however other 
mangrove taxa including Avicennia, Ceriops/Bruguiera, Aegiceras and Acanthus are lower than in 
Zone A (≤ 2%). Minor taxa included Hibiscus (4%), Chenopodiaceae, Passifloraceae, Euphorbia 
sp. (all ≤ 2%), Myrtaceae (undif.) (≤ 1%) and the monsoon vine thicket type Trema (<1%). 
Freshwater aquatic taxa Cyperaceae (2-4%) and Typha (6-9%) appeared for the first time in Zone 
B. Charcoal concentrations are similar to Zone A with a slight increase in the microscopic charcoal 
particles and the pollen concentration declining towards the top.  
 
MARR04-C: 32-22cm depth, ca. 350 cal. BP-AD 1900 
Zone C was characterised by increasing values of open woodland taxa, including Eucalyptus (20-
29%), Melaleuca (6-18%) and Myrtaceae (undif.) (5%). Pandanus (7-10%) and Hibiscus (≤ 4%) 
are also present. Zone C found Rhizophora (7-16%) pollen declined towards the top with minor 
representation of other taxa including A. marina, Aegiceras spp and Acanthus spp (all ≤ 3%). 
Poaceae (6-14%) declined with the diversity of herbs increased, including Acanthaceae, Asteraceae 
(Tubulifloreae), Chenopodiaceae, Passifloraceae and Gomphrena (all ≤ 3%). Monsoonal vine 
thicket taxa are present including Ulmaceae and Croton (1%). The aquatic taxon Typha (13-27%) 
increased towards the top of Zone C with Cyperaceae (1%) at its lowest value for the record. 
Macroscopic charcoal accumulation increased significantly between 300-100 cal. yr BP, and peaked 
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at 26cm (1,225 pieces/cm3). Microscopic charcoal concentrations remained low and pollen 
concentrations declined to its lowest values in the core (10 x 103 grains/cm3).  
 
MARR04-D: 22-0cm depth, AD 1900– present 
The uppermost zone was dominated by open woodland and savanna vegetation (60.5-76% 
combined). Eucalyptus (11-19%) and Myrtaceae (undif.) (6-14%) declined towards the top, 
replaced by Melaleuca (16-25%) in the final two samples. Pandanus (5.5-6%) values are similar to 
those found in Zone C. Poaceae (6-13%) values were low in Zone D while Chenopodiaceae (≤ 3%) 
remained relatively stable. A range of monsoon vine thicket taxa and associates were present 
including Trema, Croton, Sterculia, Rubiaceae, Meliaceae, Tinospora and Sapindaceae (all ≤ 1%). 
Mangrove taxa (2.5-11%) were present. Minor open woodland and herb taxa include Euphorbia 
spp, Asteraceae (Tubulifloreae), Gomphrena, Loranthaceae (all ≤ 1%), and for the first time 
Apocynaceae, Cucurbita (both ≤ 1%) and Araceae (≤ 4%). The aquatic Typha (19-27%) peaked in 
Zone D with Cyperaceae (1-3%) present. Pollen concentrations remained relatively low. 
Microcharcoal peaked significantly at AD 1950 (949 x104 particles/cm3). The macrocharcoal 
concentration was high and variable throughout zone D (502-1077 pieces/cm3). 
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Figure 8.3: WCS01 pollen and charcoal results, including (a) Summary diagram including high resolution imaging, sedimentary characteristics, pollen distribution, microscopic and 
raw macroscopic charcoal results. (b) Full pollen diagram plotted against age, including Monsoon Vine Thicket, Sclerophyll Taxa, Herbs & Grasses, Aquatic’s and Mangroves. 
CONISS defines zonations. 
 139 
 
8.4.4 Core WCS01 (Figure 8.3) 
 
WCS01-A: 48-26cm depth, ca. 525-225 cal BP 
Chenopodiaceae (18-74%) dominated the WCS01 record, with high values in Zone A, suggesting 
the presence of a salt marsh or extra-local pollen overwhelming the local assemblage. Studies in 
northern Australia suggest Chenopodiaceae is restricted to salt marshes and coastal regions, with 
>5% indicating a nearby salt marsh (Grindrod, 1983; Proske, 2016; Proske et al., 2014b). However, 
Chenopodiaceae dominates both the WCS01 and WS01 record, yet is not present in the modern 
vegetation, suggesting the pollen is transported by wind from nearby saline mudflats. Poaceae (18-
71%) peaked towards the top of Zone A, with Myrtaceae species (1-5%) present in low numbers. 
Pandanus (0-14%) decreased from the base of the core with Trema (1-2%), Myriophyllum, 
Gomphrena (both 2%), Hibiscus, A. marina and Ceriops/Bruguiera (both 1%) present in Zone A. 
Macroscopic charcoal was very low (0-14 pieces/cm3), with microscopic charcoal varying 
throughout the zone (41-90 x103 particles/cm3). Pollen concentration remained low throughout this 
zone (between 5-7 x102 grains/cm3).  
 
WCS01-B: 26cm-6cm depth, ca. 225 cal BP to AD 1950 
Chenopodiaceae (23-82.5%) dominated Zone B, with varying values. Poaceae (4-40%) declined 
and woodland taxa (4-42%) including, Myrtaceae (undif.) (1-30%), Melaleuca (1-5%), Eucalyptus 
(1-3%), Pandanus (1-5%) and the monsoon vine thicket taxa Trema (1-6%) increased towards the 
top of Zone B. Aquatic taxa (2-28%) appeared in a significant amount for the first time including 
Cyperaceae (1-24%) and Typha (1-4%), and suggest the formation of a wetlands around 200 cal. yr 
BP. Woody taxa included the monsoon vine thicket types Croton and Bixaceae (both ≤2%) and the 
open woodland Banksia and Buchanania (both <1%). Euphorbiaceae (2%), Gomphrena (1-2%) and 
Asteraceae (1-3%) were present. Macroscopic charcoal is comparable to Zone A while 
microcharcoal peaked at 200 cal. yr BP (130x103 particles/cm3). Pollen concentration increased 
significantly after 100 cal. yr BP, from 13 to 92 x102 grains/cm3.  
 
WCS01-C: 6-0cm depth, AD 1950 to present 
Chenopodiaceae (37-70%) dominated Zone C, declining towards the top of the core. Freshwater 
aquatic’s (10-34%) peaked at the top of Zone C with Cyperaceae (7-30%) and Typha (3-4%) 
present. Woodland taxa (7-17%) declined and then recovered, with increasing values of Myrtaceae 
types (1-6%), Pandanus (1-4%), and minor taxa including Euphorbia (3%), Casuarinaceae, 
Malvaceae, Buchanania and Fabaceae (all ≤2%). Poaceae (4-12%) and a greater diversity of 
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savanna taxa were also present including Asteraceae, Gomphrena, Zygophyllaceae, Brassicaceae 
and Batis (≤1%). Mangrove pollen types are minor (1-2%) and included A. marina, 
Ceriops/Bruguiera and Rhizophora spp (all ≤1%). Pollen concentration declined and then peaked 
towards the top of Zone C. Microcharcoal peaked and then declined (from 114 x102 particles/cm3 to 
54 x102 particles/cm3) while macroscopic charcoal reaching its maximum (77 particles/cm3) 
towards the top of Zone C. 
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Figure 8.4:WS01 pollen and charcoal results, including (a) Summary diagram including high resolution imaging, sedimentary characteristics, pollen distribution, microscopic and 
raw macroscopic charcoal results. (b) Full pollen diagram plotted against age, including Monsoon Vine Thicket, Sclerophyll Taxa, Herbs & Grasses, Aquatic’s and Mangroves. 
CONISS defines zonations.
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8.4.5 Core WS01 (Figure 8.4) 
 
WS01-A: 48-33cm depth, ca. 415-225 cal BP 
Chenopodiaceae (81-94%) dominated Zone A with sclerophyll herbs including Poaceae (2-7%), and 
Gomphrena (≤ 2%). Sclerophyll and monsoon vine thicket taxa (2-14%) were minor in Zone A with 
Pandanus (3-8%), Buchanania (1-3%), Eucalyptus, Melaleuca, Bixaceae, Euphorbiaceae (undif.) 
and Proteaceae (all ≤ 1%). Mangrove types (1-2%) included Rhizophora and Avicennia (≤2%). 
Pollen concentration fluctuated, reaching its maximum value (146 x102 grains/cm3) for this core. 
Macroscopic (8-65 particles/cm3) and microscopic charcoal (23-133 x103 particles/cm3) values were 
low.  
 
WS01-B: 33cm-13cm depth, ca. 225 cal BP –AD 1925  
Zone B was similar to the previous zone with Chenopodiaceae (53-86%) dominating the record and 
Poaceae (9-35%) increased towards the top. Other savanna types included Acanthaceae and 
Zygophyllaceae (≤ 2%). Pandanus (2-13%) dominated the arboreal taxa with Hibiscus, Sida and 
Buchanania (all ≤2%) present between 200-150 cal. yr BP and Melaleuca (2-6%) peaked between 
50-25 cal. yr BP. The aquatic Typha (2%), Euphorbiaceae (undif.) (1-5%) and the mangrove 
Rhizophora (1-4%) were briefly present. Pollen concentration, macroscopic and microscopic 
charcoal values were all at their lowest levels in the record, with microcharcoal increasing after 75 
cal. yr BP to 255 x103 particles/cm3.  
 
WS01-C: 13cm-3cm depth, AD 1925-AD 1995 
Chenopodiaceae (80-87%) increased to levels similar to Zone A as Poaceae (9-16%) decreased. 
Sclerophyll herbs included Asteraceae, Euphorbia, Gomphrena and Zygophyllaceae (all ≤ 2%). 
Woody taxa (3-5%) were at a minimum with Pandanus (≤ 4%), Casuarinaceae (1-2%), and 
Melaleuca (1%). The aquatic Typha (1-2%) was intermittently present. Pollen concentration, 
microscopic and macroscopic charcoal amounts significantly increased in Zone C with 
microcharcoal peaking at AD 1950 (1090 x103 particles/cm3).  
 
WS01-D: 2-0cm depth, AD 1995 –present 
The final Zone D was characterised by declining Chenopodiaceae (38%), increasing open woodland 
(30%) and Poaceae (29%). Pandanus (25%) peaked in Zone D with a greater diversity of woodland 
taxa present including Casuarinaceae, Eucalyptus, Buchanania and Proteaceae (all 1%). Aquatic 
taxa (3%) reached their maximum in this zone with Typha (2%) and Restionaceae (1%) present. 
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Microscopic charcoal remained high (604-751 x103 particles/cm3), pollen concentration declined 
and macroscopic charcoal peaked (1061 particles/cm3) towards the top of WS01.  
 
8.4.6 Macroscopic charcoal analysis 
Figure 5 shows the macroscopic charcoal results from MARR04, WCS01 and WS01, analysed with 
CharAnalysis (Higuera et al., 2009). i) shows the raw charcoal accumulation rate over interpolated 
5 year intervals, and the background signal (Lowess smoothing robust to outliers, 300 year trends). 
ii) shows the peak fire events, with noise defined by a local threshold (mean Gaussian model), and 
iii) identifies the peak magnitude of fire events. Low levels of macroscopic charcoal are recorded 
between 1250-500 cal. yr BP at MARR04 and WCS01. MARR04 results show charcoal 
accumulation increased between 350-200 cal. yr BP with a peak at WCS01 at 350 cal. yr BP. There 
is a significant increase in charcoal accumulation across all sites since AD 1950. 
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Figure 8.5: CharAnalysis results from MARR04, WCS01 and WS01, including (i) interpolated (black bars) and background (grey line) charcoal; (ii) peak charcoal (black bars), 
charcoal noise (grey lines) and charcoal peaks (+); and (iii) peak magnitude (black bars) and events (+). BP refers to AD 1950. 
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 Discussion 
8.5.1 Late Holocene: Mangrove contraction and freshwater expansion 
This study combines palaeoenvironmental records from three cores across Bentinck Island and has 
identified the impacts of late-Holocene sea levels, prograding shorelines and freshwater 
accumulation on vegetation development. The spatial distribution of sites allows island-wide (extra 
local) trends to be separated from localised changes driven by site-specific characteristics. Extra 
local trends are then compared to records of fresh-water site development and expansion during the 
late Holocene across tropical northern Australia.  
 
MARR04 on the southeast coast of Bentinck Island provides a c. 1250 cal. yr long 
paleoenvironmental record. Between 1250 and 850 cal. yr BP a mixed mangrove community 
dominated by Rhizophora was present, with back mangrove taxa including Ceriops/Bruguiera, A. 
corniculatum, A. marina, Excoecaria, Acanthus, Plumbaginaceae and Lumnitzera (Figure 8.2). 
Rhizophora represents 40-50% of the total pollen sum, and is likely R. stylosa as it is the only 
species of this genus currently recorded in the Wellesley Archipelago (Rosendahl, 2012; Thomas 
and Pedley, 2005). R. stylosa grows in mid to low intertidal environments, but prefers banks of tidal 
rivers and areas with freshwater availability (Duke, 2006). High values of Rhizophora (25-40%) 
pollen are recorded in supratidal and lowland coastal regions across northern Australia and the 
Torres Strait (Proske, 2016; Rowe, 2012), with the abundant and anemophilous pollen recorded 
nearly 2km upwind of the parent source (Grindrod, 1985). Therefore, R. stylosa is likely extra-local 
at MARR04, with pollen transported to the site by the dominant onshore southeasterly wind. In 
contrast, other mangrove types are poorly dispersed, due to reliance on pollinating vectors other 
than wind, including Aegiceras spp, A. marina, Ceriops/Bruguiera and Excoecaria spp (Grindrod, 
1985; Proske et al., 2014b; Tomlinson and Tomlinson, 1994). A. corniculatum (the river mangrove) 
is often poorly represented in palynological studies as it produces little pollen (Li et al., 2008; Mao 
et al., 2006), growing on the landward margin or banks of tidal waterways (Brock, 1988). Pollen 
values of >5% suggest A. corniculatum was growing locally between 1250-850 cal. yr BP, 
indicating water salinity did not exceed ca. 0.5% for long periods of time (Ball, 1988). Grain size 
and sediment characteristics presented in Chapter 7 (specifically Figure 7.2) indicate a high energy 
environment in Zone A, with shell hash and pisoliths present in the bottom 2cm of the core (see 
Chapter 7). The coarse-grained siliciclastic sediment with abundant shell hash was also found in the 
final 20cm of the MARR02 core sampled by Moss et al. (2015), with the zone interpreted as a 
coastal environment after c. 2,430 cal. yr BP. At MARR04, the coarse grain size indicates increased 
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fluvial activity and runoff from the surrounding landscape since c. 1,250 cal. yr BP, with mangrove 
taxa suggesting the presence of a tidal riverbank or the landward edge of a mangrove environment. 
 
At Marralda Wetland (MARR04), the mangrove taxa decline after 900 cal. yr BP as aquatic taxa 
increase, indicating a transition to a brackish/freshwater wetland by c. 800 cal. yr BP. The 
palynological record from MARR04 shows woodland taxa increased from 850 cal. yr BP as they 
became locally established. Rhizophora comprises >20% of the pollen sum, suggesting the 
mangroves were present extra-locally and transported to the site via wind or a tributary. Rhizophora 
presence declines further at 400 cal. yr BP, with freshwater aquatic and woodland species 
increasing, indicating the final phase of freshwater swamp development. As the prograding 
coastline stabilised, rainfall and groundwater accumulated behind the dune ridges. This timing 
corresponds with the development of sediment archives at WCS01 (550 cal. yr BP) and WS01 (450 
cal. yr BP).  
 
At West Coast Swamp (WCS01), high values of Chenopodiaceae (40-80%) suggest a hypersaline 
mudflat and/or saltmarsh was established locally or extra-locally after c. 525 cal. yr BP. Modern 
pollen data presented in Chapter 5 found Chenopodiaceae contributing up to 40% of the pollen 
assemblage at WCS01 and WS01, despite swamps, savanna and open woodland characterising the 
extant vegetation communities. Therefore, at these sites a portion of the Chenopodiaceae pollen is 
likely extra-local, transported from nearby saltmarsh to the site. Poaceae contributes up to 40% of 
the pollen sum, with Pandanus (3-14%) values suggesting a coastal swamp or dryland area 
dominated by savanna woodland. A modern pollen study from the Torres Strait shows Pandanus is 
the key indicator of coastal swamps, but also grows in coastal woodland communities (Rowe, 
2012). Pandanus and Poaceae are dispersed long distances via wind and their presence may 
represent regional dispersal (Grindrod and Rhodes, 1984; Rowe, 2012).Work by Proske et al. 
(2014b) indicate that when Pandanus is 1% of the pollen sum, it is found growing within ~ 400m of 
the site. At Well Swamp (WS01), Chenopodiaceae values also dominate (>80%), with A. marina 
present (1%). The pollen sum contains low values of Poaceae and woodland taxa, suggesting a back 
mangrove hypersaline saltmarsh environment after c. 400 cal. yr BP at WS01.  
 
Typha pollen peaks at MARR04 around 200 cal. yr BP, with Typha and Cyperaceae appearing in 
the WCS01 record around 250 cal. yr BP, indicating the development of freshwater swamps on the 
southwest coast of Bentinck Island. Myrtaceae, the monsoon vine thicket taxa Trema, and the 
vegetation diversity increases at WCS01 over the last 100 years. After 200 cal. yr BP at WS01, the 
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increase in Poaceae values suggests that the hypersaline mudflat transitioned to the open savanna 
vegetation community found on this northern coastal site today. Typha is occasionally recorded in 
the last 100 cal. yr BP at WS01, suggesting that a swamp formed briefly, with the site currently 
providing a subsurface freshwater resource for the majority of the year. At WS01, Pandanus 
increased significantly since AD 1900. Dense stands of Pandanus are associated with swamps and 
wetlands (Brock, 1988), suggesting increased moisture availability at the site. Similarly, increased 
evidence of swamps since AD 1950 is inferred at MARR04 from a peak in Typha and at WCS01 
from increasing Cyperaceae.  
 
This study suggests mangroves and hypersaline mud flat environments transitioned to freshwater 
wetlands between 850-250 cal. yr BP around the coastal margins of Bentinck Island. 
Paleoenvironmental research from the coastal lowlands of tropical northern Australia suggest 
wetlands expanded across the region in the last 2000 years (Proske, 2016; Rowe, 2015; Shulmeister, 
1992). As relative sea levels fell in the last 1000 years, coastlines prograded, with wetlands forming 
behind dunes and cheniers in northern Australia (Chappell, 1988: Woodroffe, 1988). Freshwater 
availability increased across the Cape York Peninsula after 2700 BP (Butler, 1998; Stephens and 
Head, 1995) with a permanent body of water developing in the last 2200 years at Big Willum 
Swamp, and expanding to its greatest extent in the last 600-400 years (Stevenson et al., 2015). In 
the Torres Strait Islands, freshwater swamps developed by 2600 cal. yr BP (Rowe, 2007a) with 
organic rich deposition in the last 1,000 years suggesting increased wetland productivity (Rowe, 
2015). Research from Groote Eylandt indicate effective precipitation was enhanced, driving lake 
expansion in the last 1000 years (Shulmeister, 1992). Recent work in the eastern Kimberley region 
suggest increasing effective precipitation in the last 1000 years allowed mangrove communities to 
transition to a freshwater swamp around 600 years ago (Proske, 2016). Black Springs in the 
Kimberley region supports this finding, with aquatic taxa increasing from 1200 cal. yr BP 
(McGowan et al., 2012). The expansion of freshwater resources across tropical northern Australia 
provides an essential resource for the increasing coastal human populations in the late Holocene 
(Williams et al., 2010). Across northern Australia, the last 1000 years is marked by dramatic 
increases in the number of sites occupied and rates of deposition of materials (Ulm, 2011, 2013) 
taken as a proxy of increasing populations (Williams et al., 2015). 
 
8.5.1 Fire ecology and archaeological context  
The vegetation of tropical northern Australia is significantly affected by fire (Bowman, 2002), 
influencing the vegetation of islands in the Gulf of Carpentaria (Prebble et al., 2005; Shulmeister, 
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1992) and Torres Strait (Rowe, 2006, 2007a) during the Holocene. The South Wellesley Islands 
offer a unique opportunity to study the effect of human occupation and abandonment on fire 
regimes, as the Kaiadilt people maintained a traditional lifestyle until 1948. The Kaiadilt population 
appears to have been declining from c. AD 1940 owing to a combination of drought, social conflict 
and disease, and ~80 people were resettled on Mornington Island after a cyclonic tidal surge in 
1948 inundated up to 50% of Bentinck Islands land mass (Tindale, 1962a, 1962b). Both 
microscopic and macroscopic charcoal from coastal wetlands record the extra-local and local fire 
regimes during the late Holocene. The Marralda Wetland microcharcoal data show low levels of 
fire from 1,250 cal. yr BP. Charcoal is present throughout all records at relatively low levels, with a 
significant increase in microscopic charcoal from AD 1900 at both MARR04 and WS01 suggesting 
increased burning. However, this peak is absent from WCS01. The area around WCS01 lacks 
continuous records of human occupation, with scattered surface archaeological deposits suggesting 
the region was periodically visited rather than intensely occupied, resulting in variable 
anthropogenic fire regimes across the island.  
 
Charcoal peaks identify events that exceed background levels at the 99% threshold level in the 
macroscopic charcoal records, and indicate fires occurring within a >3 km radius of the site 
(Higuera et al., 2011).The first peak identified by CharAnalysis at MARR04 occurs at 1,000 cal. yr 
BP, with no other events until ~550 cal. yr BP. Low values of charcoal accumulation suggest fire 
was limited by the presence of mangrove vegetation, with sclerophyll taxa becoming established at 
Marralda Wetland ~850 years ago. Local fires occur from 550 cal. yr BP at MARR04 and WCS01, 
and from 450 cal. yr BP at WS01, with low peak magnitude values suggesting low intensity events. 
A fire event around 350 cal. yr BP occurs at both MARR04 and WCS01, with high peak magnitude 
values suggesting increased biomass burning and/or intensity. Charcoal accumulation remains 
relatively low at WCS01 and WS01, while macroscopic charcoal increases between 350-150 cal. yr 
BP at MARR04 suggesting a greater area was burned. The macrocharcoal and microcharcoal 
records show that fire activity on Bentinck Island was low during the late Holocene, despite 
archaeological records suggesting intensive human occupation of coastal sites (Memmott et al., 
2016; Ulm et al., 2010).  
 
Archaeological research in the South Wellesley Islands has produced a dataset of 128 radiocarbon 
dates (Memmott et al., 2016), and can be compared to the charcoal records to determine an 
anthropogenic signal. Results suggest low intensity visitation occurred in the last c. 3,500 years, 
with continuous occupation of the South Wellesley Islands in the last 1000 years (Memmott et al., 
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2016; Ulm et al., 2010). Jirrkamirndiyarrb is a shell midden ~1km west of the Marralda Wetlands 
(Figure 8.1), with radiocarbon dates suggesting the main period of occupation occurred within the 
last 800 years (Ulm et al., 2010). Archaeological excavations of Murdumurdu, a shallow midden on 
the seaward ridge adjacent to the Marralda Wetlands, found peak occupation around 330 years ago 
(Moss et al., 2015). Of the 128 radiocarbon dates from the South Wellesley Islands, over half are 
calibrated to within the last 300 years (Memmott et al., 2016). These dates suggest people 
intensively occupied the coastal fringe only in the late Holocene when wetlands provided reliable 
freshwater. On Bentinck Island, glass artefacts found on the surface of Jirrkamirndiyarrb and 
Murdumurdu suggest these locations continued to be occupied in the recent past (Ulm et al., 2010). 
The fire record from Marralda Wetland shows an increase in local fires from 350-150 cal. yr BP, 
correlating with the archaeological evidence and suggesting intensification in the last 300 years. 
However, charcoal accumulation values are low across all sites until ~AD 1900, suggesting 
anthropogenic fire regimes were characterised by low fire activity during the early dry season. 
 
Anthropogenic fire regimes in tropical northern Australia are different from ‘natural’ pre-human 
fire events (Bird et al., 2013). Removing Indigenous land owners from northern Australia in the 
early to mid-20th century ended the setting of several small fires in the early dry season, and was 
replaced by larger and more intense naturally set fires at the end of the dry season (Bowman et al., 
1990; Braithwaite, 1991; Price et al., 2012). Dry southeasterly winds dominate between May and 
September, driving the fire season in tropical northern Australia (Russell-Smith et al., 2003). 
Electrical storms occur during the transition from the dry to wet season (typically November-
December), with lightning strikes and the increased fuel load causing high intensity natural fires in 
tropical Australia (Bowman et al., 1988; Gill et al., 1990; Gill et al., 1996; Head, 1994; Williams et 
al., 1998). Aboriginal people’s access to the South Wellesley Islands was restricted after 1948, with 
macroscopic and microscopic charcoal recording changes in the fire regimes across Bentinck 
Island. Microcharcoal increased around 50 cal. yr BP at WS01 and AD 1950 at MARR04, with local 
fires increasing from AD 1950 at MARR04, WCS01 and WS01 as traditional fire regimes were 
disrupted. The increased charcoal accumulation and significant increase in the peak magnitude 
suggests a greater area of the island was burnt after the Kaiadilt were removed from Bentinck 
Island. When settlement patterns change and people are unable to access their land throughout the 
year, ‘corrective burning’ may occur (Head, 1994; Lewis, 1989). In the Northern Territory Haynes 
(1985: 210) found when people were able to access areas the desire to clean country “is regarded as 
being so important that the season is overlooked and intense fires have ensued.” ‘Corrective 
burning’ may explain the change in fire regimes on Bentinck Island as permanent human 
 151 
 
occupation changed to periodic visitation. Support for this occurring on the Wellesley Islands 
comes from ethnographic records, with Norman Tindale noting the Kaiadilt traditionally fired 
grasslands each year, however a large area on the southeastern coast was burnt after 12 years 
absence in 1959, “restoring a semblance to the conditions they had maintained for many centuries” 
(Tindale, 1962a: 280). The linguist Nicholas Evans (Australian National University, pers. comm., 
2013) visited Bentinck Island in September 1982 and recorded people systematically burning the 
South Wellesley Islands, saying it was later in the season than ideal, but that the long absence of 
people from the island left them no choice. The removal of Kaiadilt people from the South 
Wellesley Islands in 1948 increased the fire activity and area burned due to fires occurring outside 
of the early dry season. In open grassy woodlands short lived grass fires may leave less of a signal 
in charcoal records than fires which reach the canopy, suggesting some of the variation between 
periods of human occupation and absence is due to a change in the type of fires occurring, rather 
than changing fire frequency or area burned. This study highlights the value of coupling 
ethnographic, archaeological and palaeoenvironmental research when reconstructing past 
environments and fire regimes.  
 
The vegetation response to increased fire was subtle and depended on the local floristic assemblage. 
At MARR04 Myrtaceae dominates the last c. 50 cal. yr BP, with woodland diversity increasing as 
Sapindaceae sp, Malvaceae sp, Buchanania, Banksia and Loranthaceae become established. With 
increasing frequency and severity of fire, Poaceae is expected to increase. However, Poaceae values 
are relatively low at this time, suggesting a closing of the canopy cover as woodland taxa 
diversified despite higher fire activity and more area burned. The spatial distribution and patch size 
of the fire-sensitive monsoon vine thicket is limited by intense and frequent fires (Press, 1987; 
Russell-Smith and Dunlop, 1984; Stocker, 1971). In dry areas monsoon vine thicket predominantly 
occurs in fire shadows, and on Bentinck Island it is often protected on its southeast side from the 
predominant wind direction in the dry season, as found on Groote Eylandt (Shulmeister, 1994). 
Monsoon vine thicket is under-represented in the pollen rain as the dominant taxa have poor pollen 
dispersal, with trace levels of Croton, Trema and others in the pollen assemblage indicating the 
presence of vine thicket taxa (Burn et al., 2010; Rowe, 2012). Monsoon vine thicket indicators are 
present in the MARR04 record in the last 100 years, possibly as species colonised the sand dunes 
on the southeast coast. The presence of fire-sensitive vine thicket taxa suggests fires were either low 
intensity or infrequent and did not penetrate the patches, or species were protected by the sand 
dunes and wetlands. The pollen assemblage at the Marralda Wetlands shows woodland 
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diversification and grassland decline despite increased local and extra-local fires in the last c. 50 
cal. yr BP, possibly as burning created a mosaic of patches and the wetland expands.  
 
At WCS01 Eucalyptus, Melaleuca, Pandanus and Poaceae increase slightly from AD 1950. 
Similarly Poaceae and Pandanus increase only recently (AD 1995) at WS01. Pandanus is a wetland 
indicator, however it also grows in coastal woodlands and has been used to indicate localised 
disturbance as it is tolerant of burning (Prebble et al., 2005; Rowe, 2015). The subtle floristic 
changes at WCS01 and WS01 may be driven by increased fire. Frequent fires are thought to have 
induced and maintained savanna vegetation at the expense of forest in tropical Australia (Hoffmann 
et al., 2012; Murphy and Bowman, 2012). However, frequent landscape burning in savanna 
ecosystems may cause structural, but not floristic, changes to vegetation as taxa are tolerant to 
recurrent burning (Bowman et al., 1988). While there are no clear changes in the pollen 
assemblages to suggest the composition of vegetation communities changed significantly, the fire 
regime may have affected the vegetation structure (Bowman et al., 1988). At WCS01 the vine 
thicket associate Trema (Brock, 1988) is present for the last 300 cal. yr BP, supporting charcoal 
results which suggest significantly lower local fire events at this site. Results presented here 
highlight the need for macroscopic and microscopic charcoal analyses to accompany vegetation 
records when evaluating the role of fire and climate in shaping extant vegetation communities in 
tropical northern Australia.  
 
 Conclusion 
Results from the palynological and charcoal study of sediment cores MARR04, WCS01 and WS01 
record the vegetation and fire history of Bentinck Island during the late Holocene. Palynological 
results show initial changes in vegetation are driven by late Holocene sea level regression and coastal 
progradation. On the southeast coasts a diverse mangrove community developed, with freshwater and 
sediment supplied by a tributary while the southwest and northeast coast sites developed first as 
hypersaline mudflats dominated by Chenopodiaceae. Wetland development occurred at MARR04 
after 850 cal. yr BP and across the region around 250 cal. yr BP. This study highlights the importance 
of coupling regional and local charcoal records with palynological studies in regions where vegetation 
is adapted to fire, as pollen assemblages may not reflect local changes in fire activity. Charcoal 
analysis shows that fire events significantly increased around AD 1950 when Indigenous fire practices 
were disrupted and the South Wellesley Islands were depopulated. The pollen assemblages showed 
little vegetation change in response to the significant shift in the fire regime, suggesting wetland 
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expansion, woodland diversification and fire-tolerant taxa limited the effect of fire on vegetation 
distribution and composition in the South Wellesley Islands.  
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 Conclusion 
 Summary 
The aim of this thesis was to produce the first palaeoenvironmental reconstructions from the South 
Wellesley Islands, investigating the effect of sea-level fluctuation, human occupation and climate 
change during the Holocene. Multiple proxies were used to investigate wetland sediments across the 
archipelago. Radioisotope analysis provided geochronologies (Pu, Pb210 and C14 dating) of the 
palustrine sediments, with µXRF geochemical and particle size analysis identifying coastal 
evolution and wetland development in the late Holocene. Pollen analysis recorded vegetation 
distribution across the South Wellesley Islands, with microscopic and macroscopic charcoal data 
documenting regional and local fire regimes. This thesis presents the first plutonium geochronology 
and µXRF geochemical analysis of palustrine sediments from tropical northern Australia. The 
palaeoenvironmental reconstructions presented here provide the context for ongoing archaeological 
research in the South Wellesley Islands, and contributes to the growing number of terrestrial records 
from tropical northern Australia.  
 
The research objectives of this thesis included: 
1. Reviewing the palaeoenvironmental literature of tropical northern Australia, focusing on the 
late Holocene period.  
2. Producing modern pollen assemblages from vegetation communities commonly found 
across the Gulf region of tropical northern Australia. 
3. Reconstructing the timing, formation and catchment processes of wetlands across Bentinck 
Island. 
4. Reconstructing the fire regimes and vegetation changes of the late Holocene during periods 
of human absence and presence in the landscape. 
 
Objective 1 is addressed in Chapter 2, which provided a comprehensive review of 
palaeoenvironmental studies across tropical northern Australia, with both Chapters 3 and 4 collating 
background information on the South Wellesley Islands environment and human history. Objective 
2 is discussed in Chapter 5, which describes the relationship between extant vegetation and modern 
pollen assemblages in savanna communities, thus aiding the interpretation of fossil pollen records. 
Objective 3 is first addressed in Chapter 6, with geochemical analysis of several neighbouring sites 
investigating the variability in elemental data and site development within the same catchment. 
Chapter 7 focused on three key sites across Bentinck Island, producing a regional record of coastal 
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evolution and the development of wetlands (Objective 3). Chapter 8 addresses Objective 4 by 
reconstructing past vegetation communities and fire regimes of the late Holocene, providing insight 
into vegetation change and burning practices on the South Wellesley Islands. 
 
 Key findings 
This thesis identifies the relationship between extant vegetation and modern pollen rain across 
tropical savanna communities. While research on the modern pollen assemblages of vegetation 
communities is available from the coastal lowlands of tropical northern Australia (Crowley et al., 
1994; Proske et al., 2014b; Rowe, 2012) research presented in Chapter 5 focuses on terrestrial 
vegetation groups, rather than mangrove communities, and is the first such study from the Gulf of 
Carpentaria Region. Results from the 15 pollen and 25 vegetation surveys indicate that Cluster 
Analysis and Detrended Correspondence Analysis accurately differentiates between broad 
vegetation types based on the modern pollen assemblages, despite the small sample size. Results 
from Chapter 5 will aid the interpretation of fossil pollen records throughout northern Australia.  
 
This thesis incorporates 210Pb radioisotope analysis to date the past 150 years, identifying recent 
changes in the palaeoenvironment during periods of human occupation and absence in the South 
Wellesley Islands. Four sediment cores were analysed for the naturally occurring radioisotope 
210Pb; however, studies indicate 210Pb is mobilized in peatlands with organic-rich waters, especially 
at depths below the water table (Oldfield et al., 1979; Urban et al., 1990). The anthropogenic 
radioisotope 239/240Pu was used to validate the record from the Marralda Wetlands (MARR04), 
suggesting sediment mixing in part of the core. While the sediment’s lamination was insufficient for 
239/240Pu analysis to validate 210Pb results, the 239/240Pu results indicate significant levels of fallout 
from Australian nuclear tests occurred as far north as the South Wellesley Islands. This thesis 
highlights the potential of combining multiple radioisotopes with radiocarbon geochronologies to 
date sites across northern Australia. 
 
Palaeoenvironmental studies in tropical northern Australia are rare, due to the weathered landscape, 
limited site development and poor microfossil preservation (Hiscock and Kershaw, 1992; Kershaw, 
1995). This thesis uses a multi-proxy approach, incorporating geochronologies, geochemical data 
and grain size analysis of sites across Bentinck Island. Chapter 6 compared and contrasted records 
from a chain of interconnected wetlands and mangrove communities on the southeast coast of 
Bentinck Island (Chapter 6). ITRAX µXRF core-scanning identified coastal evolution over the last 
1,300 years, with synchronous changes in the lithostratigraphic units across the region suggesting 
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marine regression and coastal progradation drove wetland development. Geochemical results 
revealed changes in the local hydrology, indicating that the Marralda Wetlands transitioned to 
groundwater fed sites by 570 cal yrs BP as fine mangrove sediments were deposited at Kerekiar, 
suggesting a regional transition to a more protected coastline allowing mangrove communities to 
flourish. Currently, records from northern Australia are limited to a multiproxy study from the 
Atherton Tablelands encompassing the last 40,000 years (Burrows et al., 2016) and research using 
µXRF analysis to identify acid sulfate soils in the Kimberley region (Proske et al., 2014a). This 
study is one of the first to use ITRAX µXRF geochemical analysis as a proxy of past environmental 
change in tropical northern Australia. 
 
Chapter 7 presents three high resolution µXRF elemental records, identifying environmental change 
during the late Holocene across the South Wellesley Islands. Site specific geochemical proxies 
identified detrital input from local weathering and erosion (Fe, K, Rb, Ti and Zr), productivity (Br, 
Ca, Mn, Mo ratio, Ca/Ti and Mn/Ti) and redox environments (Mn/Ti and Fe/Ti). These proxies, 
supported by LOI and particle size analysis, identified changing sediment source, anaerobic 
environments and wetland productivity during the late Holocene. Results found an open coastal 
environment was present at 1,250 cal. yr BP on the southeast coast of Bentinck Island. Prograding 
shorelines, dune development and river diversion formed a series of swales parallel to the southeast 
coast by ~800 cal. yr BP, before wetlands developed on the north and west coast at ~500 and ~450 
cal. yr BP, respectively. The timing of wetland development on Bentinck Island fits within the 
regional context of increasing freshwater availability across northern Australia as coastlines 
prograded and effective precipitation increased during the late Holocene. Additionally, human 
occupation of the South Wellesley Islands intensified in the last 700 years, with most of the 
archaeological material dated to within the last 300 years (Memmott et al., 2016; Ulm et al., 2010), 
suggesting people intensively occupied the coastal fringe only in the late Holocene when wetlands 
provided reliable freshwater. Chapter 7 finds that high resolution µXRF core-scanning of palustrine 
sediments provides a robust palaeoenvironmental proxy of coastal evolution and wetland 
development.  
 
This thesis presents the first palynological and charcoal records from the South Wellesley Islands. 
Chapter 8 focuses on the three wetlands examined in Chapter 7. Pollen analysis identified a diverse 
mangrove community developed around 1250 cal. yr BP on the sheltered southeast coast of 
Bentinck Island, with the presence of Rhizophora stylosa and Aegiceras corniculatum indicating the 
site was supplied with freshwater by a tributary. On the southwest and northeast coast of Bentinck 
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Island, sites developed in the last 500 years, first, as hypersaline mudflats dominated by 
Chenopodiaceae. Freshwater wetlands formed on the southeast coast in the last c. 850 years, and 
expanded across the island around 250 years ago.  
 
This thesis combined palynological reconstructions with macroscopic and microscopic charcoal 
records to quantify fire frequency and area burned through time. The vegetation of tropical northern 
Australia is significantly affected by fire (Bowman, 2002), influencing the vegetation of islands in 
the Gulf of Carpentaria (Prebble et al., 2005; Shulmeister, 1992) and Torres Strait (Rowe, 2006, 
2007a) during the Holocene. This study found microscopic charcoal at relatively low levels across 
all records from Bentinck Island, with a significant increase in carbonized particles from AD 1900 at 
sites on the north and southeast coast suggesting increased burning. However, an increase in 
burning is absent on the west coast, suggesting variable fire regimes were implemented by the 
Kaiadilt. Results from this study highlight the inter-site variability and the mosaic landscape 
management maintained by Indigenous people. Macroscopic charcoal suggest local fire events 
increased in the last 350 years, supporting archaeological records of human intensification on 
Bentinck Island (Memmott et al., 2016). Aboriginal access to the South Wellesley Islands was 
restricted after 1948, with regional and local fire events increasing significantly in the last 70 years 
as traditional fire regimes were disrupted. The increased charcoal accumulation and peak magnitude 
suggests that after people were removed from Bentinck Island the fire severity, activity and area 
burned increased. This study highlights the value of coupling ethnographic, archaeological and 
palaeoenvironmental research when reconstructing past environments and fire regimes.  
 
Chapter 8 highlights the importance of coupling regional and local charcoal records with 
palynological studies in regions where vegetation is adapted to fire, as pollen assemblages may not 
reflect changes in fire activity and frequency. Charcoal analysis shows that fire events significantly 
increased around AD 1950 when Indigenous fire practices were disrupted and the South Wellesley 
Islands were depopulated. The pollen assemblages respond subtly to the significant shift in fire 
regimes, suggesting wetland expansion, woodland diversification and fire-tolerant taxa limit the 
effect of fire on the savanna vegetation in the South Wellesley Islands. Combining palynological 
and charcoal studies provides insight into the complex relationship between people, climate and fire 
regimes. This study contributes to the broader debate regarding the re-settlement of previously 
abandoned islands in the Gulf of Carpentaria (Rosendahl et al., 2015; Sim and Wallis, 2008), 
human intensification of marginal environments during the late Holocene (Williams et al., 2010; 
Williams et al., 2015a), and their subsequent impact on the environment.  
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 Limitations and recommendations for future research 
This thesis identifies the relationship between vegetation communities and modern pollen rain in 
the savanna of tropical northern Australia. Damaged pollen grains were observed in all surface 
sediments, suggesting the modern pollen rain was altered by post depositional processes and 
differential preservation. Poor microfossil preservation limited the scope of this study, with 
insufficient pollen found in surface samples from mangrove and vine thicket communities. Future 
research could include pollen trap data and surface samples across a wider range of vegetation 
communities to identify preservation bias and post depositional processes within sediments. Low 
pollen preservation is also found within the oxidative surface soils in the Torres Strait (Rowe, 
2012), with many sedimentary archives experiencing hiatuses during the Holocene (see: Prebble et 
al., 2005; Proske, 2016; Proske et al., 2014b; Rowe, 2015). Further research incorporating pollen 
trap data could identify pollen transfer between vegetation communities, and annual variation in 
pollen composition and deposition. Seasonal and annual variations in the taxonomic composition of 
pollen rain occurs in rainforest communities (Kershaw and Hyland, 1975), with studies of savanna 
vegetation communities currently unavailable in northern Australia. Further studies of the modern 
pollen rain from vegetation communities across tropical northern Australia will build on the results 
presented in this thesis and aid the interpretation of palynological records. 
 
This study incorporates geochemical data from sites across Bentinck Island, identifying coastal 
evolution and wetland expansion. The use of ITRAX core-scanning as a rapid, non-destructive 
method is shown to be a useful palaeoenvironmental proxy in palustrine sediments from tropical 
northern Australia. The use of µXRF analysis in Australia is rapidly expanding; however, few 
studies are currently available. Proske et al. (2014a) has shown µXRF analysis can identify acid 
sulphate soils which develop in northern Australia, while Martin et al. (2014) used elemental 
variations in coastal wetlands to reconstruct site development on Lord Howe Island. In Florida 
(USA), sediment cores from near-shore marine environments document coastal evolution and 
environmental change during the mid- and late Holocene (Van Soelen et al., 2012). Research 
presented in this thesis highlights the value of XRF elemental analysis as a palaeoenvironmental 
proxy in tropical northern Australia. Future research should incorporate XRF analysis as a 
palaeoenvironmental tool, with further work from a range of terrestrial archives across northern 
Australia allowing inter-site comparison.  
 
Results of the multiproxy analysis from the South Wellesley Islands could be supported by further 
work in the region, including investigating the sediment archives of Mornington Island in the North 
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Wellesley Islands. The age of sites in the South Wellesley islands were limited to the late Holocene, 
due to recent sea-level fluctuations and coastal progradation. While this study assists in closing the 
spatial gap in palaeoenvironmental sites, there is a paucity of complete Holocene records from the 
seasonally dry tropics of northern Australia.  
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Appendix I.  
Complete plant list from the South Wellesley Islands with identification by the author, Russell 
Fairfax through the Queensland Herbarium and work by Thomas and Pedley (2005) (*). 
Species Family 
Acanthus ilicifolius L. Acanthaceae 
Nelsonia campestris R.Br. Acanthaceae 
Caldesia sp. Alismataceae 
Gomphrena canescens R.Br. subsp. Canescens Amaranthaceae 
Carissa lanceolata R.Br. Apocynaceae 
Cynanchum carnosum (R.Br.) Schltr. Apocynaceae 
Gymnanthera oblonga (Burm.f.) P.S.Green Apocynaceae 
Ichnocarpus frutescens (L.) R. Br. Apocynaceae 
Wrightia saligna (R.Br.) F.Muell. ex Benth. Apocynaceae 
Calotropis procera Asclepiadaceae 
Avicennia marina (Forssk.) Vierh. Avicenniaceae 
Batis argillicola P.Royen Bataceae 
Dolichandrone heterophylla (R.Br.) F.Muell. Bignoniaceae 
Trichodesma zeylanicum (Burm.f.) R.Br. var. zeylanicum Boraginaceae 
Canarium australianum F.Muell. var. australianum Burseraceae 
Chamaecrista mimosoides (L.) Greene Caesalpiniaceae 
Tamarindus indica L. Caesalpiniaceae 
Capparis sepiaria L. Capparaceae 
Tecticornia indica (Willd.) K.A.Sheph. & Paul G.Wilson Chenopodiaceae 
Cochlospermum gregorii F.Muell. Cochlospermaceae 
Lumnitzera racemosa Willd. Combretaceae 
Terminalia canescens (DC.) Radlk. ex T.Durand Combretaceae 
Terminalia muelleri Benth. Combretaceae 
Terminalia subacroptera Domin Combretaceae 
Ipomoea macrantha Roem. & Schult. Convolvulaceae 
Ipomoea pes-caprae subsp. brasiliensis (L.) Ooststr. Convolvulaceae 
Xenostegia tridentata (L.) D.F.Austin & Staples Convolvulaceae 
Cyperus victoriensis C.B. Clarke Cyperaceae 
Eleocharis dulcis (Burm.f.) Trin. ex Hensch. Cyperaceae 
Fimbristylis dichotoma (L.) Vahl Cyperaceae 
Fimbristyliss denudata R. Br. Cyperaceae 
Schoenus sp. Cyperaceae 
Diospyros humilis (R.Br.) F.Muell. Ebenaceae 
Euphorbia mitchelliana Boiss. Euphorbiaceae 
Excoecaria ovalis Endl. Euphorbiaceae 
Mallotus nesophilus Muell.Arg. Euphorbiaceae 
Microstachys chamaelea (L.) A.Juss. Ex Hook.f. Euphorbiaceae 
Excoecaria parvifolia Euphorbiaceae 
Abrus precatorius L. subsp. precatorius Fabaceae 
Aphyllodium biarticulatum (L.) Gagnep. Fabaceae 
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Cajanus marmoratus (Benth.) F.Muell. Fabaceae 
Clitoria ternatea L. Fabaceae 
Crotalaria montana var. angustifolia (Gagnep.) Niyomdham Fabaceae 
Galactia tenuiflora (Spreng.) Willd. ex Wight & Arn. Fabaceae 
Indigofera hirsuta L. Fabaceae 
Indigofera linifolia (L.f.) Retz. Fabaceae 
Sesbania cannabina (Retz.) Poir. var. cannabina Fabaceae 
Stylosanthes hamata (L.) Taub. Fabaceae 
Tephrosia filipes Benth. Fabaceae 
Vigna lanceolata Benth. var. lanceolata Fabaceae 
Zornia muriculata Mohlenbr. Fabaceae 
Scaevola glabrata Carolin Goodeniaceae 
Scaevola taccada (Gaertn.) Roxb. Goodeniaceae 
Haemodorum coccineum R.Br. Haemodoraceae 
Helicteres cana Benth. Helicteraceae 
Clerodendrum floribundum R.Br. Lamiaceae 
Clerodendrum inerme (L.) Gaertn. Lamiaceae 
Premna acuminata R.Br. Lamiaceae 
Vitex helogiton K.Schum. Lamiaceae 
Cassytha filiformis L. Lauraceae 
Planchonia careya (F.Muell.) R.Knuth Lecythidaceae 
Amyema villiflora subsp. tomentilla (Blakely) Barlow Loranthaceae 
Lysiana maritima (Barlow) Barlow Loranthaceae 
Lysiana spathulata (Blakely) Barlow subsp. spathulata Loranthaceae 
Hibiscus tiliaceus L. Malvaceae 
Thespesia populneoides (Roxb.) Kostel. Malvaceae 
Marsilea sp Marsileaceae 
Tinospora smilacina Benth. Menispermaceae 
Acacia galioides Benth. Mimosaceae 
Acacia hammondii Maiden Mimosaceae 
Acacia holosericea A.Cunn. ex G.Don Mimosaceae 
Acacia lamprocarpa O.Schwarz Mimosaceae 
Acacia leptocarpa A.Cunn. ex Benth. Mimosaceae 
Acacia nuperrima Baker f. Mimosaceae 
Cathormion umbellatum subsp. moniliforme (DC.) Brummitt Mimosaceae 
Acacia hilliana Mimosaceae* 
Acacia lysiphloia Mimosaceae* 
Acacia umbellata Mimosaceae* 
Cathormion umbellatum subsp moniliforme Mimosaceae* 
Ficus opposita Miq. Moraceae 
Myoporum acuminatum R.Br. Myoporaceae 
Aegiceras corniculatum (L.) Blanco Myrsinaceae 
Corymbia bella K.D.Hill & L.A.S.Johnson Myrtaceae 
Corymbia confertiflora Myrtaceae* 
Corymbia grandifolia subsp. Grandifolia Myrtaceae* 
Corymbia pocillum (D.J.Carr & S.G.M.Carr) K.D.Hill & L.A.S. Johnson Myrtaceae 
Corymbia polycarpa (F.Muell.) K.D.Hill & L.A.S.Johnson Myrtaceae 
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Corymbia setosa Myrtaceae* 
Eucalyptus pruinosa Schauer subsp. pruinosa Myrtaceae 
Melaleuca acacioides F.Muell. Myrtaceae 
Melaleuca dealbata S.T.Blake Myrtaceae 
Melaleuca leucadendra Myrtaceae* 
Melaleuca stenostachya S.T.Blake Myrtaceae 
Melaleuca viridiflora Sol. ex Gaertn. var. viridiflora Myrtaceae 
Boerhavia mutabilis Nyctaginaceae* 
Boerhavia pubescens Nyctaginaceae* 
Nymphaea violaceae Nymphaeaceae 
Jasminum didymum G.Forst. subsp. didymum Oleaceae 
Jasminum molle Oleaceae* 
Ludwigia perennis L. Onagraceae 
Pandanus spiralis Pandanaceae 
Passiflora foetida L. Passifloraceae 
Antidesma ghaesembilla Gaertn. Phyllanthaceae 
Petalostigma banksii Britten & S.Moore Picrodendraceae 
Petalostigma pubescens Domin Picrodendraceae 
Aegialitis annulata R.Br. Plumbaginaceae 
Aristida holathera Domin var. holathera Poaceae 
Bothriochloa/Dichanthium sp. Poaceae 
Brachiaria ramosa Poaceae* 
Brachiaria subquadripara Poaceae* 
Cenchrus ciliaris Poaceae* 
Chrysopogon elongatus (R.Br.) Benth. Poaceae 
Chrysopogon fallax S.T.Blake Poaceae 
Cymbopogon bombycinus (R.Br.) Domin Poaceae 
Cynodon dactylon Poaceae* 
Dactyloctenium radulans Poaceae* 
Digitaria benthamiana Poaceae* 
Digitaria ctenantha Poaceae* 
Dinebra neesii (Thwaites) P.M.Peterson & N.Snow Poaceae 
Enneapogon nigricans Poaceae* 
Enneapogon pallidus Poaceae* 
Enneapogon truncatus Poaceae* 
Eragostis concinna Poaceae* 
Eragostis speciosa Poaceae* 
Eriachne glauca Poaceae* 
Eriachne melicacea F.Muell. Poaceae 
Eriachne mucronata R.Br. Poaceae 
Eriachne obtusa Poaceae* 
Heteropogon contortus (L.) P.Beauv. ex Roem. & Schult. Poaceae 
Imperata cylindrica Poaceae* 
Leptochloa fusca subsp. Fusca Poaceae* 
Lepturus repens subsp. Repens Poaceae* 
Melinis repens (Willd.) Zizka Poaceae 
Panicum trachyrachis Benth. Poaceae 
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Panicum mindanaense Poaceae* 
Paspalum multinodum B.K.Simon Poaceae 
Paspalum scrobiculatum Poaceae* 
Panicum semindum car. Cairnsianum Poaceae* 
Perotis rara Poaceae* 
Sarga plumosa Poaceae* 
Sehima nervosum Poaceae* 
Spinifex longifolia Poaceae* 
Setaria apiculata (Scribn. & Merr.) K.Schum. Poaceae 
Sporobolus virginicus (L.) Kunth Poaceae 
Triodia pungens R.Br. Poaceae 
Xerochloa imberbis R.Br. Poaceae 
Yakirra pauciflora (R.Br.) Lazarides & R.D.Webster Poaceae 
Monochoria sp Pontederiaceae 
Portulaca bicolor Portulacaceae* 
Grevillea dryandri Proteaceae* 
Grevillea dryandri subsp. Dryandri Proteaceae* 
Grevillea mimosoides Proteaceae* 
Grevillea parallela Knight Proteaceae 
Grevillea pteridifolia Knight Proteaceae 
Hakea arborescens R.Br. Proteaceae 
Drypetes sp. Putranjivaceae 
Alphitonia pomaderroides (Fenzl) A.R Bean Rhamnaceae 
Alphitonia obtusifolia Rhamnaceae* 
Colubrina asiatica var. asiatica Rhamnaceae* 
Ziziphus mauritiana Rhamnaceae 
Bruguiera exaristata Ding Hou Rhizophoraceae 
Ceriops tagal (Perr.) C.B.Rob. Rhizophoraceae 
Rhizophora stylosa Griff. Rhizophoraceae 
Canthium attenuatum Rubiaceae* 
Canthium attenuatum Rubiaceae* 
Guettarda speciosa Rubiaceae* 
Morinda citrifolia L. Rubiaceae 
Oldenlandia sp. Rubiaceae 
Pogonolobus reticulatus Rubiaceae* 
Spermacoce stenophylla Rubiaceae* 
Timonius timon (Spreng.) Merr. var. timon Rubiaceae 
Exocarpos latifolius R.Br. Santalaceae 
Santalum lanceolatum R.Br. Santalaceae 
Atalaya variifolia Sapindaceae* 
Dodonaea hispidula Endl. var. hispidula Sapindaceae 
Dodoneae platyptera Sapindaceae* 
Buchnera ramosissima Scrophulariaceae* 
Striga curviflora Scrophulariaceae* 
Corchorus sp. Sparrmanniaceae 
Grewia retusifolia Kurz Sparrmanniaceae 
Triumfetta pannosa R.Br. ex Halford Sparrmanniaceae 
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Stackhousia intermedia F.M.Bailey Stackhousiaceae 
Helicteres cana Sterculiaceae* 
Melhania oblongifolia Sterculiaceae* 
Waltheria indica Sterculiaceae* 
Tacca leontopetaloides Taccaceae* 
Thecanthes sanguinea  Thymelaeaceae* 
Typha sp. Typhaceae 
Celtis paniculata (Endl.) Planch. Ulmaceae 
Celtis philippensis Blanco var. philippensis Ulmaceae 
Phyla nodiflora (L.) Greene Verbenaceae 
Hybanthus enneaspermus (L.) F.Muell. Violaceae 
Ampelocissus acetosa Vitaceae* 
Cayratia trifolia Vitaceae* 
Tribulopis angustifolia Zygophyllaceae* 
Tribulus cistoides Zygophyllaceae* 
Tribulus terrestris L. Zygophyllaceae 
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Appendix II.   
Table including all sites sampled for pollen analysis. Vegetation data including canopy cover and ground cover included.  
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1 -17.08937 139.56657 Surface 208 Sclerophyll 
Woodland 
80 0 40 5 40 30 0 0 0 30 
2 -17.0945 139.619806 Surface 201 Sclerophyll 
Woodland 
30 25 60 10 40 60 0 0 0 0 
3 -17.120306 139.6000528 Surface 243 Sclerophyll 
Woodland 
70 0 90 2 30 60 10 0 0 0 
4 -17.09731 139.50598 Surface 77 Sclerophyll 
Woodland 
15 10 70 7 10 70 20 0 0 0 
5 -17.11614 139.50714 Surface 214 Sclerophyll 
Woodland 
10 0 70 8 10 70 10 0 0 10 
6 -17.01854 139.49413 Surface 213 Grassland 10 0 80 3 10 80 10 0 0 0 
7 -17.09226 139.57661 Surface 224 Grassland 0 0 50 0 10 50 40 0 0 0 
8 -17.07442 139.38368 Surface 208 Grassland, 
Sclerophyll 
Woodland 
0 0 0 0 0 0 0 0 0 0 
9 -17.07594 139.5401 Core top 116 Wetland 0 0 0 0 0 0 0 0 0 0 
10 -16.9846 139.49504 Core top 111 Wetland 0 0 0 0 0 0 0 0 0 0 
11 -17.0948 139.43964 Core top 197 Wetland 0 0 0 0 0 0 0 0 0 0 
12 -17.09636 139.542658 Core top 199 Wetland 0 0 0 0 0 0 0 0 0 0 
13 -17.09138 139.57001 Surface 201 Wetland 50 25 30 8 60 30 10 0 0 0 
14 -17.09616 139.54465 Surface 222 Wetland 20 0 100 6 0 100 0 0 0 0 
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15 -17.43333 139.95 Surface 149 Vine Thicket 90 0 50 4 40 50 10 0 0 0 
16 139.38368 17.07442 Surface 0 Vine Thicket 50 0 60 8 0 0.5 40 60 0 0 
17 139.43945 17.0951 Surface 0 Swamp 
Vegetation 
15 5 40 7 4 0.8 10 90 0 0 
18 139.55838 17.09467 Surface 0 Vine Thicket 95 0 0 4 0 0 100 0 0 0 
19 139.5262 17.10216 Surface 0 Grassland 0 0 70 0 0 0.5 10 70 20 0 
20 139.48622 17.11318 Surface 0 Grassland 0 0 75 0 0 0.5 0 75 20 0 
21 139.49475 17.09921 Surface 0 Open Forest 50 0 25 6 0 0.5 60 20 0 0 
22 139.53668 17.08733 Surface 0 Grassland 0 0 30 0 0 2 0 30 0 70 
23 139.55225 17.09718 Surface 0 Vine thicket 100 0 0 8 0 0 100 0 0 0 
24 139.49858 16.98766 Surface 0 Vine Thicket 95 0 0 4 0 0 100 0 0 0 
25 139.49443 17.0699 Surface 0 Mangrove 0 75 0 0.8 0 0 5 0 95 0 
26 139.55109 17.09548 Surface 0 Mangrove 50 75 0 8 5 0 50 0 50 0 
27 139.47292 17.09616 Surface 0 Mangrove 70 0 10 4 0 0.2 10 10 80 0 
28 139.52646 17.09966 Surface 0 Mangrove 95 0 0 5 0 0 0 0 100 0 
29 139.52361 17.10366 Surface 0 Mangrove 50 0 0 4 0 0 0 30 70 0 
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Appendix III.  
Major taxa from each surface sample collection site.  
Site ID, vegetation 
community 
Dominant tree taxa Other trees and shrubs Understorey taxa 
Site 1: Sclerophyll 
Woodland 
Corymbia pocillum Alphitonia 
pomaderroides, Wrightia 
saligna, Helicteres cana 
Benth., Dodonaea 
hispidula, Carissa 
lanceolata, Haemodorum 
coccineum, Petalostigma 
banksii 
Poaceae, Grevillea pteridifolia, 
Zornia muriculata 
Site 2: Sclerophyll 
Woodland 
C. bella, Pandanus 
spiralis, Canarium 
australianum, Acacia 
sp. 
Aphyllodium 
biarticulatum, Acacia 
sp., Diospyros humilis. 
Poaceae, Triumfetta pannosa, 
Passiflora foetida, Clitoria 
ternatea, Galactia tenuiflora, 
Abrus precatorius,  
Site 3: Sclerophyll 
Woodland 
Melaleuca viridiflora, 
P. banksii, Terminalia 
canescens, A. 
pomaderroides 
Dolichandrone 
heterophylla 
Poaceae 
Site 4: Sclerophyll 
Woodland 
M. stenostachya, 
Cochlospermum 
gregorii, Eucalyptus 
pruinosa 
Excoecaria parvifolia, 
Acacia spp., Helicteres 
cana, Hakea 
arborescens, T. 
canescens 
Poaceae 
Site 5: Sclerophyll 
Woodland 
C. bella W. saligna  Poaceae, Euphorbia 
mitchelliana, Scaevola glabrata 
Site 6: Grassland D. heterophylla, 
Premna acuminata, C. 
australianum 
W. saligna Poaceae, Grewia retusifolia, 
Trichodesma zeylanicum, 
Gomphrena canescens, E. 
mitchelliana, Tinospora 
smilacina 
Site 7: Grassland  Clerodendrum 
floribundum,  
Poaceae, Ipomoea pes-caprae, 
G. canescens 
Site 8: Grassland, 
Sclerophyll 
Woodland 
 M. acacioides, C. 
inerme, Acacia sp., 
Cathormion umbellatum 
subsp. Moniliforme, 
Poaceae, Cyperaceae, Ipomoea 
macrantha, G. retusifolia, 
Lysiana spathulata, T. 
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Thespesia populneoides, 
Lumnitzera racemosa, E. 
parvifolia, H. 
arborescens, Wrightia 
saligna 
smilacina, P. foetida, Batis 
argillicola 
Site 9: Wetland  C. australianum Poaceae, Cyperaceae 
Site 10: Wetland  P. spiralis, Timonius 
timon 
Poaceae, Typha 
Site 11: Wetland T. timon, P. spiralis, M. 
acacioides, C. 
australianum 
Ficus opposita, H. 
arborescens, A. 
lamprocarpa, C. 
floribundum, Vitex 
helogiton,  
Poaceae, Cyperaceae, Typha, 
Cassytha filiformis, Amyema 
villiflora 
Site 12: Wetland M. dealbata, T. timon, 
P. spiralis,  
 Typha, Poaceae, Cyperaceae 
Site 13: Wetland M. viridiflora P. spiralis, A. 
leptocarpa, Antidesma 
ghaesembilla, Vigna 
lanceolata, Gymnanthera 
oblonga 
Poaceae, Cyperaceae, 
Chamaecrista mimosoides, 
Crotalaria montana var. 
angustifolia, C. filiformis, 
Xenostegia tridentata, 
Ludwigia perennis, Indigofera 
hirsuta, Stylosanthes hamata, 
Nelsonia campestris, 
Hybanthus enneaspermus 
Site 14: Wetland T. timon, M. dealbata, 
P. spiralis 
 Poaceae, Typha, Phyla 
nodiflora, C. montana, 
Cyperaceae, T. zeylanicum, 
Cynanchum carnosum, G. 
retusifolia, Ipomoea pes-caprae 
subsp. brasiliensis 
Site 15: Vine 
thicket 
Mallotus nesophilus, F. 
opposita, A. 
lamprocarpa,  
Celtis paniculata, C. 
philippensis, Diospyros 
humilis, C. australianum, 
T. smilacina,  
Poaceae, P. foetida, C. 
filiformis, G. canescens, T. 
pannosa 
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Appendix IV.  
Particle size data from Kerekiar 
Dept
h  
Folk and Ward Method (µm) Folk and Ward Description 
(mm) MEA
N 
SORTIN
G 
SKEWNES
S 
KURTOSI
S 
MEAN SORTING SKEWNESS KURTOSIS 
0 29.67 5.692 -0.330 0.863 Coarse Silt Very Poorly Sorted Very Fine Skewed Platykurtic 
4 39.54 5.859 -0.339 1.041 Very Coarse Silt Very Poorly Sorted Very Fine Skewed Mesokurtic 
8 19.68 6.681 -0.132 0.817 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
10 10.86 4.994 -0.083 0.971 Medium Silt Very Poorly Sorted Symmetrical Mesokurtic 
12 18.49 5.748 -0.108 0.861 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
14 15.14 8.013 0.103 0.805 Medium Silt Very Poorly Sorted Coarse Skewed Platykurtic 
16 31.20 5.228 -0.298 0.818 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
18 22.14 6.885 -0.166 0.761 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
20 29.69 6.421 -0.303 0.958 Coarse Silt Very Poorly Sorted Very Fine Skewed Mesokurtic 
22 3.336 3.528 0.215 0.894 Very Fine Silt Poorly Sorted Coarse Skewed Platykurtic 
24 44.23 5.167 -0.356 1.167 Very Coarse Silt Very Poorly Sorted Very Fine Skewed Leptokurtic 
26 7.575 4.589 -0.253 0.706 Fine Silt Very Poorly Sorted Fine Skewed Platykurtic 
28 68.71 5.139 -0.436 1.185 Very Fine Sand Very Poorly Sorted Very Fine Skewed Leptokurtic 
30 17.40 6.053 -0.280 0.834 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
32 45.67 5.669 -0.287 1.053 Very Coarse Silt Very Poorly Sorted Fine Skewed Mesokurtic 
34 18.32 4.934 -0.398 0.872 Coarse Silt Very Poorly Sorted Very Fine Skewed Platykurtic 
36 57.43 5.268 -0.302 1.161 Very Coarse Silt Very Poorly Sorted Very Fine Skewed Leptokurtic 
38 15.24 4.209 -0.435 0.924 Medium Silt Very Poorly Sorted Very Fine Skewed Mesokurtic 
40 28.66 5.511 -0.337 0.760 Coarse Silt Very Poorly Sorted Very Fine Skewed Platykurtic 
42 12.40 4.407 -0.344 0.860 Medium Silt Very Poorly Sorted Very Fine Skewed Platykurtic 
44 40.82 5.024 -0.360 1.104 Very Coarse Silt Very Poorly Sorted Very Fine Skewed Mesokurtic 
46 9.132 3.107 -0.168 0.862 Medium Silt Poorly Sorted Fine Skewed Platykurtic 
48 36.68 5.868 -0.308 0.875 Very Coarse Silt Very Poorly Sorted Very Fine Skewed Platykurtic 
52 18.71 5.796 -0.293 0.883 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
56 16.68 6.209 -0.167 0.826 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
60 17.60 6.468 -0.136 0.819 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
64 14.71 5.550 -0.121 0.902 Medium Silt Very Poorly Sorted Fine Skewed Mesokurtic 
68 15.61 6.268 -0.011 0.848 Medium Silt Very Poorly Sorted Symmetrical Platykurtic 
72 14.59 5.899 -0.068 0.895 Medium Silt Very Poorly Sorted Symmetrical Platykurtic 
76 16.24 5.481 -0.085 1.018 Coarse Silt Very Poorly Sorted Symmetrical Mesokurtic 
80 16.31 8.418 0.150 1.035 Coarse Silt Very Poorly Sorted Coarse Skewed Mesokurtic 
84 10.82 5.154 -0.060 0.919 Medium Silt Very Poorly Sorted Symmetrical Mesokurtic 
88 13.00 4.850 -0.083 0.953 Medium Silt Very Poorly Sorted Symmetrical Mesokurtic 
92 13.68 6.646 0.069 0.951 Medium Silt Very Poorly Sorted Symmetrical Mesokurtic 
96 13.99 6.088 0.112 0.943 Medium Silt Very Poorly Sorted Coarse Skewed Mesokurtic 
100 19.86 7.513 -0.114 0.726 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
104 24.50 6.817 -0.219 0.715 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
108 11.34 4.968 0.028 0.991 Medium Silt Very Poorly Sorted Symmetrical Mesokurtic 
112 15.97 5.446 -0.069 0.921 Coarse Silt Very Poorly Sorted Symmetrical Mesokurtic 
116 13.81 5.999 0.035 0.919 Medium Silt Very Poorly Sorted Symmetrical Mesokurtic 
120 22.76 7.011 -0.045 0.711 Coarse Silt Very Poorly Sorted Symmetrical Platykurtic 
124 11.91 5.013 -0.037 1.005 Medium Silt Very Poorly Sorted Symmetrical Mesokurtic 
128 9.967 5.517 0.081 0.881 Medium Silt Very Poorly Sorted Symmetrical Platykurtic 
130 
85.47 7.194 -0.727 0.619 Very Fine Sand Very Poorly Sorted Very Fine Skewed 
Very 
Platykurtic 
132 22.69 6.034 -0.083 0.704 Coarse Silt Very Poorly Sorted Symmetrical Platykurtic 
134 11.09 4.531 -0.108 0.849 Medium Silt Very Poorly Sorted Fine Skewed Platykurtic 
136 16.93 7.485 0.050 0.694 Coarse Silt Very Poorly Sorted Symmetrical Platykurtic 
138 8.741 3.546 -0.042 1.018 Medium Silt Poorly Sorted Symmetrical Mesokurtic 
140 27.43 7.363 -0.242 0.730 Coarse Silt Very Poorly Sorted Fine Skewed Platykurtic 
142 8.367 3.461 -0.025 0.897 Medium Silt Poorly Sorted Symmetrical Platykurtic 
144 11.36 6.719 0.131 0.801 Medium Silt Very Poorly Sorted Coarse Skewed Platykurtic 
146 10.55 3.624 -0.070 0.870 Medium Silt Poorly Sorted Symmetrical Platykurtic 
148 9.286 5.837 0.061 0.861 Medium Silt Very Poorly Sorted Symmetrical Platykurtic 
150 3.661 3.790 0.146 1.093 Very Fine Silt Poorly Sorted Coarse Skewed Mesokurtic 
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152 9.401 6.110 0.050 0.860 Medium Silt Very Poorly Sorted Symmetrical Platykurtic 
154 3.852 2.640 -0.123 0.944 Very Fine Silt Poorly Sorted Fine Skewed Mesokurtic 
156 9.086 5.362 0.096 0.883 Medium Silt Very Poorly Sorted Symmetrical Platykurtic 
158 5.503 2.842 -0.071 1.017 Fine Silt Poorly Sorted Symmetrical Mesokurtic 
160 46.20 7.549 -0.495 0.783 Very Coarse Silt Very Poorly Sorted Very Fine Skewed Platykurtic 
162 17.77 3.707 -0.118 1.001 Coarse Silt Poorly Sorted Fine Skewed Mesokurtic 
164 7.255 5.116 0.146 0.991 Fine Silt Very Poorly Sorted Coarse Skewed Mesokurtic 
166 4.477 4.054 0.178 1.446 Fine Silt Very Poorly Sorted Coarse Skewed Leptokurtic 
168 10.05 5.715 0.030 0.884 Medium Silt Very Poorly Sorted Symmetrical Platykurtic 
170 5.486 3.991 0.025 0.887 Fine Silt Poorly Sorted Symmetrical Platykurtic 
172 7.344 5.936 0.194 0.955 Fine Silt Very Poorly Sorted Coarse Skewed Mesokurtic 
176 6.101 4.938 0.192 0.954 Fine Silt Very Poorly Sorted Coarse Skewed Mesokurtic 
180 8.063 4.882 0.008 0.919 Medium Silt Very Poorly Sorted Symmetrical Mesokurtic 
184 5.856 7.077 0.256 1.233 Fine Silt Very Poorly Sorted Coarse Skewed Leptokurtic 
188 8.668 5.776 0.078 0.976 Medium Silt Very Poorly Sorted Symmetrical Mesokurtic 
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Appendix V.  
WS01 particle size data. 
Depth  Folk and Ward Method (µm) Folk and Ward Description 
(mm) MEAN SORTING SKEWNESS KURTOSIS MEAN SORTING SKEWNESS KURTOSIS 
0 12.88 3.750 0.003 0.751 Medium Silt Poorly Sorted Symmetrical Platykurtic 
10 10.88 3.105 0.003 0.669 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
20 12.30 3.917 0.075 0.728 Medium Silt Poorly Sorted Symmetrical Platykurtic 
30 9.810 3.355 0.041 0.621 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
40 9.287 3.168 0.136 0.551 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
50 9.714 3.397 0.071 0.607 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
60 9.540 3.207 0.083 0.557 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
70 9.992 3.460 0.083 0.643 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
80 10.17 3.509 0.101 0.602 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
90 10.01 3.564 0.075 0.628 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
100 9.828 3.315 0.122 0.560 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
110 10.11 3.402 0.106 0.574 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
120 10.19 3.462 0.084 0.591 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
130 11.04 3.845 0.074 0.661 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
140 10.94 3.705 0.033 0.638 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
150 10.57 3.635 0.047 0.644 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
160 10.24 3.444 0.073 0.593 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
170 11.38 3.930 0.032 0.695 Medium Silt Poorly Sorted Symmetrical Platykurtic 
180 10.14 3.415 0.113 0.573 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
190 10.49 3.508 0.089 0.586 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
200 10.03 3.323 0.123 0.551 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
210 10.62 3.605 0.148 0.586 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
220 9.562 3.138 0.181 0.502 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
230 9.828 3.237 0.151 0.526 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
240 9.939 3.340 0.198 0.535 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
250 9.611 3.345 0.253 0.548 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
260 9.388 3.193 0.260 0.511 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
270 10.44 3.614 0.233 0.567 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
280 10.39 3.533 0.203 0.556 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
290 11.66 3.872 0.098 0.591 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
300 10.29 3.533 0.257 0.541 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
310 11.14 4.214 0.241 0.687 Medium Silt Very Poorly Sorted Coarse Skewed Platykurtic 
320 10.21 3.415 0.163 0.549 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
330 10.70 3.624 0.215 0.552 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
340 10.47 3.529 0.195 0.550 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
350 10.14 3.440 0.268 0.520 Medium Silt Poorly Sorted Coarse Skewed Very Platykurtic 
360 15.26 5.522 0.261 0.685 Medium Silt Very Poorly Sorted Coarse Skewed Platykurtic 
370 11.75 4.561 0.263 0.706 Medium Silt Very Poorly Sorted Coarse Skewed Platykurtic 
380 10.99 4.157 0.371 0.610 Medium Silt Very Poorly Sorted Very Coarse Skewed Very Platykurtic 
390 32.36 6.927 -0.160 0.582 Very Coarse Silt Very Poorly Sorted Fine Skewed Very Platykurtic 
400 15.99 5.832 0.417 0.628 Coarse Silt Very Poorly Sorted Very Coarse Skewed Very Platykurtic 
410 10.29 4.267 0.554 0.656 Medium Silt Very Poorly Sorted Very Coarse Skewed Very Platykurtic 
420 9.707 3.988 0.559 0.675 Medium Silt Poorly Sorted Very Coarse Skewed Platykurtic 
430 9.265 3.482 0.521 0.555 Medium Silt Poorly Sorted Very Coarse Skewed Very Platykurtic 
440 10.28 4.219 0.567 0.660 Medium Silt Very Poorly Sorted Very Coarse Skewed Very Platykurtic 
450 9.455 3.967 0.652 0.662 Medium Silt Poorly Sorted Very Coarse Skewed Very Platykurtic 
460 13.13 5.348 0.601 0.616 Medium Silt Very Poorly Sorted Very Coarse Skewed Very Platykurtic 
470 16.61 6.102 0.439 0.545 Coarse Silt Very Poorly Sorted Very Coarse Skewed Very Platykurtic 
480 19.94 6.634 0.382 0.464 Coarse Silt Very Poorly Sorted Very Coarse Skewed Very Platykurtic 
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WCS01 particle size data. 
Depth  Folk and Ward Method (µm) Folk and Ward Description 
(mm) MEAN SORTING SKEWNESS KURTOSIS MEAN SORTING SKEWNESS KURTOSIS 
0 15.13 3.341 -0.074 0.846 Medium Silt Poorly Sorted Symmetrical Platykurtic 
10 18.38 3.499 -0.070 0.895 Coarse Silt Poorly Sorted Symmetrical Platykurtic 
20 18.94 3.710 -0.043 0.909 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
30 19.51 3.547 -0.075 0.896 Coarse Silt Poorly Sorted Symmetrical Platykurtic 
40 21.31 3.952 -0.005 1.013 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
50 18.80 3.534 -0.073 0.884 Coarse Silt Poorly Sorted Symmetrical Platykurtic 
60 20.26 3.812 -0.034 0.926 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
70 18.66 3.542 -0.063 0.905 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
80 18.09 3.455 -0.077 0.887 Coarse Silt Poorly Sorted Symmetrical Platykurtic 
90 16.79 3.710 -0.052 0.817 Coarse Silt Poorly Sorted Symmetrical Platykurtic 
100 17.29 3.826 -0.025 0.843 Coarse Silt Poorly Sorted Symmetrical Platykurtic 
110 15.49 3.647 -0.047 0.789 Medium Silt Poorly Sorted Symmetrical Platykurtic 
120 14.88 3.636 -0.033 0.790 Medium Silt Poorly Sorted Symmetrical Platykurtic 
130 13.94 3.513 -0.040 0.770 Medium Silt Poorly Sorted Symmetrical Platykurtic 
140 14.51 3.591 -0.026 0.789 Medium Silt Poorly Sorted Symmetrical Platykurtic 
150 13.57 3.379 -0.050 0.767 Medium Silt Poorly Sorted Symmetrical Platykurtic 
160 15.54 3.608 -0.025 0.828 Medium Silt Poorly Sorted Symmetrical Platykurtic 
170 14.68 3.608 -0.028 0.789 Medium Silt Poorly Sorted Symmetrical Platykurtic 
180 14.19 3.507 -0.030 0.778 Medium Silt Poorly Sorted Symmetrical Platykurtic 
190 13.06 3.504 -0.039 0.746 Medium Silt Poorly Sorted Symmetrical Platykurtic 
200 12.54 3.297 -0.046 0.738 Medium Silt Poorly Sorted Symmetrical Platykurtic 
210 12.34 3.512 -0.038 0.725 Medium Silt Poorly Sorted Symmetrical Platykurtic 
220 14.21 3.525 -0.033 0.780 Medium Silt Poorly Sorted Symmetrical Platykurtic 
230 12.92 3.548 -0.033 0.742 Medium Silt Poorly Sorted Symmetrical Platykurtic 
240 12.90 3.420 -0.035 0.741 Medium Silt Poorly Sorted Symmetrical Platykurtic 
250 16.09 3.439 -0.026 0.858 Coarse Silt Poorly Sorted Symmetrical Platykurtic 
260 14.93 3.309 -0.025 0.824 Medium Silt Poorly Sorted Symmetrical Platykurtic 
270 13.06 3.455 -0.033 0.759 Medium Silt Poorly Sorted Symmetrical Platykurtic 
280 12.69 3.487 -0.025 0.747 Medium Silt Poorly Sorted Symmetrical Platykurtic 
290 11.69 3.258 -0.068 0.695 Medium Silt Poorly Sorted Symmetrical Platykurtic 
300 12.98 3.289 -0.054 0.763 Medium Silt Poorly Sorted Symmetrical Platykurtic 
310 12.97 3.203 -0.056 0.759 Medium Silt Poorly Sorted Symmetrical Platykurtic 
320 11.97 3.180 -0.057 0.702 Medium Silt Poorly Sorted Symmetrical Platykurtic 
330 11.69 3.301 -0.058 0.698 Medium Silt Poorly Sorted Symmetrical Platykurtic 
340 12.55 3.241 -0.051 0.744 Medium Silt Poorly Sorted Symmetrical Platykurtic 
350 13.14 3.280 -0.046 0.766 Medium Silt Poorly Sorted Symmetrical Platykurtic 
360 14.28 3.311 -0.018 0.843 Medium Silt Poorly Sorted Symmetrical Platykurtic 
370 10.81 3.405 -0.031 0.673 Medium Silt Poorly Sorted Symmetrical Platykurtic 
380 12.67 3.527 0.000 0.761 Medium Silt Poorly Sorted Symmetrical Platykurtic 
390 11.02 3.289 -0.051 0.664 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
400 12.23 3.344 -0.030 0.738 Medium Silt Poorly Sorted Symmetrical Platykurtic 
410 11.60 3.236 -0.057 0.686 Medium Silt Poorly Sorted Symmetrical Platykurtic 
420 11.15 3.200 -0.060 0.663 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
430 10.99 3.210 -0.057 0.659 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
440 11.11 3.142 -0.056 0.668 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
450 11.53 3.180 -0.065 0.676 Medium Silt Poorly Sorted Symmetrical Platykurtic 
460 11.03 3.270 -0.051 0.664 Medium Silt Poorly Sorted Symmetrical Very Platykurtic 
470 11.77 3.306 -0.048 0.706 Medium Silt Poorly Sorted Symmetrical Platykurtic 
480 13.23 3.278 -0.042 0.768 Medium Silt Poorly Sorted Symmetrical Platykurtic 
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MARR04 particle size data 
Depth  Folk and Ward Method (µm) Folk and Ward Description 
(mm) MEAN SORTING SKEWNESS KURTOSIS MEAN SORTING SKEWNESS KURTOSIS 
0 18.55 2.38 -0.08 0.86 Coarse Silt Poorly Sorted Symmetrical Platykurtic 
10 20.41 2.88 0.00 1.05 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
20 19.11 2.67 -0.01 0.96 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
30 18.58 2.82 -0.02 1.01 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
40 17.84 2.72 -0.07 0.95 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
50 21.26 2.96 0.02 1.05 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
60 18.61 2.80 -0.04 0.99 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
70 19.53 3.02 0.01 1.04 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
80 28.86 3.23 0.03 0.91 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
90 21.73 2.94 0.09 1.19 Coarse Silt Poorly Sorted Symmetrical Leptokurtic 
100 24.27 3.63 0.11 1.10 Coarse Silt Poorly Sorted Coarse Skewed Mesokurtic 
110 21.40 2.95 0.09 1.12 Coarse Silt Poorly Sorted Symmetrical Leptokurtic 
120 21.34 3.66 0.09 1.12 Coarse Silt Poorly Sorted Symmetrical Leptokurtic 
130 33.28 4.80 0.19 1.02 Very Coarse Silt Very Poorly Sorted Coarse Skewed Mesokurtic 
140 31.78 3.98 0.19 1.11 Very Coarse Silt Poorly Sorted Coarse Skewed Mesokurtic 
150 21.97 3.48 0.13 1.21 Coarse Silt Poorly Sorted Coarse Skewed Leptokurtic 
160 22.42 4.19 0.14 1.11 Coarse Silt Very Poorly Sorted Coarse Skewed Leptokurtic 
170 21.18 3.38 0.11 1.18 Coarse Silt Poorly Sorted Coarse Skewed Leptokurtic 
180 20.99 3.10 0.12 1.23 Coarse Silt Poorly Sorted Coarse Skewed Leptokurtic 
190 19.15 2.67 -0.03 0.95 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
200 32.80 3.48 -0.04 0.84 Very Coarse Silt Poorly Sorted Symmetrical Platykurtic 
210 34.01 3.59 0.06 0.90 Very Coarse Silt Poorly Sorted Symmetrical Platykurtic 
220 20.52 3.01 0.10 1.21 Coarse Silt Poorly Sorted Symmetrical Leptokurtic 
230 19.81 2.94 0.07 1.13 Coarse Silt Poorly Sorted Symmetrical Leptokurtic 
240 19.49 2.92 0.00 1.05 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
250 19.40 3.32 0.07 1.16 Coarse Silt Poorly Sorted Symmetrical Leptokurtic 
260 18.81 2.78 0.00 1.01 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
270 23.13 3.38 0.10 1.13 Coarse Silt Poorly Sorted Coarse Skewed Leptokurtic 
280 24.71 3.92 0.12 1.12 Coarse Silt Poorly Sorted Coarse Skewed Leptokurtic 
290 20.49 3.15 0.05 1.09 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
300 19.68 3.75 0.08 1.22 Coarse Silt Poorly Sorted Symmetrical Leptokurtic 
310 19.53 3.52 0.06 1.14 Coarse Silt Poorly Sorted Symmetrical Leptokurtic 
320 18.42 3.21 0.00 1.04 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
330 24.42 3.80 0.11 1.17 Coarse Silt Poorly Sorted Coarse Skewed Leptokurtic 
340 16.14 3.70 0.01 0.99 Coarse Silt Poorly Sorted Symmetrical Mesokurtic 
350 29.80 3.78 0.15 1.09 Coarse Silt Poorly Sorted Coarse Skewed Mesokurtic 
360 22.32 4.65 0.09 1.08 Coarse Silt Very Poorly Sorted Symmetrical Mesokurtic 
370 26.59 5.31 0.12 1.04 Coarse Silt Very Poorly Sorted Coarse Skewed Mesokurtic 
380 36.24 7.34 -0.17 0.57 Very Coarse Silt Very Poorly Sorted Fine Skewed 
Very 
Platykurtic 
390 29.04 7.67 0.00 0.51 Coarse Silt Very Poorly Sorted Symmetrical 
Very 
Platykurtic 
400 51.47 7.51 -0.61 0.58 Very Coarse Silt Very Poorly Sorted Very Fine Skewed 
Very 
Platykurtic 
410 70.83 7.02 -0.65 0.76 Very Fine Sand Very Poorly Sorted Very Fine Skewed Platykurtic 
420 61.45 7.40 -0.59 0.62 Very Coarse Silt Very Poorly Sorted Very Fine Skewed 
Very 
Platykurtic 
430 45.00 7.71 -0.53 0.51 Very Coarse Silt Very Poorly Sorted Very Fine Skewed 
Very 
Platykurtic 
440 50.76 7.67 -0.59 0.46 Very Coarse Silt Very Poorly Sorted Very Fine Skewed 
Very 
Platykurtic 
450 61.10 7.78 -0.61 0.71 Very Coarse Silt Very Poorly Sorted Very Fine Skewed Platykurtic 
460 47.80 7.14 -0.58 0.45 Very Coarse Silt Very Poorly Sorted Very Fine Skewed 
Very 
Platykurtic 
470 36.33 7.17 -0.29 0.47 Very Coarse Silt Very Poorly Sorted Fine Skewed 
Very 
Platykurtic 
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Appendix VI.  
210Pb results (a) and age against depth calculations using both the constant initial concentration 
(black) and constant rate of supply (grey) models (b and c) from WCS01 and WS01. MARR04 
210Pb results are published in Moss et al. (2015).  
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Appendix VII.  
Correlation matrix of µXRF data from MAR04, WCS01 and WS01. Normalized elements analysed 
include Si, K, Ca, Ti, Mn, Fe, Br and Rb. 
Site 
  Si K Ca Ti Mn Fe Br Rb 
MARR04 
K 0.83        
 
Ca -0.45 -0.44       
 
Ti 0.81 0.91 -0.67      
 
Mn -0.62 -0.62 0.47 -0.63     
 
Fe 0.79 0.81 -0.71 0.89 -0.61    
 
Br -0.58 -0.54 0.25 -0.53 0.46 -0.47   
 
Rb 0.75 0.83 -0.68 0.88 -0.63 0.90 -0.48  
 
Sr -0.56 -0.54 0.95 -0.74 0.54 -0.77 0.35 -0.76 
WCS01 
K 0.51        
 
Ca 0.69 0.53       
 
Ti 0.60 0.74 0.64      
 
Mn 0.57 0.40 0.89 0.53     
 
Fe 0.42 0.78 0.37 0.73 0.25    
 
Br -0.54 -0.39 -0.79 -0.47 -0.71 -0.24   
 
Rb -0.11 -0.07 -0.31 -0.11 -0.31 -0.02 0.34  
 
Sr 0.67 0.61 0.91 0.68 0.79 0.49 -0.88 -0.35 
WS01 
K 0.66        
 
Ca 0.35 -0.16       
 
Ti 0.69 0.82 0.02      
 
Mn 0.63 0.34 0.61 0.43     
 
Fe 0.81 0.83 0.23 0.86 0.63    
 
Br -0.70 -0.45 -0.65 -0.53 -0.77 -0.72   
 
Rb 0.45 0.52 -0.11 0.50 0.22 0.54 -0.29  
 
Sr 0.42 -0.05 0.94 0.12 0.64 0.33 -0.77 -0.03 
 
         
 
 
